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ABSTRACT—Yellowfin sole, Pleuro- 
nectes asper, is the second most abundant 
flatfish in the North Pacific Ocean and is 
most highly concentrated in the eastern 
Bering Sea. It has been a target species in 
the eastern Bering Sea since the mid-1950’s, 
initially by foreign distant-water fisheries 
but more recently by U.S. fisheries. Annual 
commercial catches since 1959 have ranged 
from 42,000 to 554,000 metric tons (t). 
Yellowfin sole is a relatively small flatfish 
averaging about 26 cm in length and 200 g 
in weight in commercial catches. It is 
distributed from nearshore waters to 
depths of about 100 m in the eastern Bering 
Sea in summer, but moves to deeper water 
in winter to escape sea ice. Yellowfin sole 
is a benthopelagic feeder. It is a long- 
lived species (>20 years) with a cor- 
respondingly low natural mortality rate es- 
timated at 0.12. 

After being overexploited during the 
early years of the fishery and suffering a 
substantial decline in stock abundance, the 
resource has recovered and is currently in 
excellent condition. The biomass during the 
1980's may have been as high as, if not 
higher than, that at the beginning of the 
fishery. Based on results of demersal trawl 
surveys and two age structured models, the 
current exploitable biomass has been esti- 
mated to range between 1.9 and 2.6 mil- 
lion i. Appropriate harvest strategies were 
investigated under a range of possible re- 
cruitment levels. The recommended harvest 
level was calculated by multiplying the yield 
derived from the F,, harvest level (161 g 
at F = 0.14) by an average recruitment 


value resulting in a commercial harvest of 


276,900 t, or about 14% of the estimated 
exploitable biomass. 
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Introduction 


Yellowfin sole, Pleuronectes asper, 
of the family Pleuronectidae (Fig. 1), 
is the second most abundant flatfish in 
the North Pacific Ocean and is the most 
abundant species of groundfish in the 
eastern Bering Sea after walleye pol- 
lock, Theragra chalcogramma. Yellow- 
fin sole inhabits continental shelf wa- 
ters of the North Pacific Ocean from 
off British Columbia, Can., (about lat. 
49°N) to the Chukchi Sea (about lat. 
70°N) in North American waters, and 
south along the Asian coast to about 
lat. 35°N off the South Korean coast in 
the Sea of Japan (Fig. 2). It is by far 
most abundant in the eastern Bering 
Sea, where current biomass has been 
estimated at between 1.9 and 2.6 mil- 
lion metric tons (t) or more. 


In this paper, we describe the life 
history characteristics of eastern Bering 
Sea yellowfin sole, the history of its 
exploitation and long-term trends in 
abundance, the current condition of the 
resource, and the methods used for es- 
timating biomass and yields with two 
forms of catch-at-age models and a 
yield-per-recruit model. 


The Eastern Bering 
Sea Environment 


One of the factors contributing to 
the high abundance of yellowfin sole 
in the eastern Bering Sea is the expan- 
sive nature of the continental shelf of 
this region (Fig. 3). The eastern Bering 
Sea shelf, which is 1,200 km long and 
>500 km wide at its narrowest point, 
is the widest continental shelf outside 
the Arctic Ocean (Coachman, 1986). 
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Figure 1.—Yellowfin sole, Pleuronectes asper. 
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Figure 2.—Overall distribution and areas of commercial fishing for yellowfin sole (from Bakkala, 1981). 


In the Atlantic Ocean, only the North 
Sea continental shelf approaches its 
breadth. 

The eastern Bering Sea shelf is es- 
sentially a large, featureless plain that 
deepens gradually from the shore to 
about 170 m at the shelf break. How- 
ever, there are two zones of enhanced 
gradients near the 50 and 100 m 
isobaths (Askren, 1972), related to 
fronts separating the shelf region into 
three oceanographic domains. These are 
the coastal, central, and outer shelf do- 
mains which are separated by the in- 
ner and middle shelf fronts at 50 and 
100 m; the outer shelf domain is sepa- 
rated from the oceanic waters of the 
Aleutian Basin by the ocean break front 
between the 150 and 200 m isobaths. 
The domains are defined by tempera- 
ture and salinity values, vertical struc- 
ture, and seasonal changes in these 
properties (Schumacher et al., 1983). 
The outer shelf domain represents a 
zone of lateral water mass interaction 


between central shelf water above and 
Aleutian Basin water below. This do- 
main differs from the rest of the shelf 
by having both significantly higher 
mean and subtidally variable flows 
(Coachman, 1986), resulting in a more 
rapid flushing of these waters (perhaps 
on the order of 2-3 months) than those 
of the other two domains. The main 
feature of the central shelf domain is 
its two-layered vertical structure, with 
a surface layer 10-40 m in depth over- 
laying a relatively homogeneous layer 
of cold bottom water (<0°—3°C). Flush- 
ing in the central domain is extremely 
slow, taking >1 year and perhaps as 
much as 2 years. The coastal domain 
is a product of direct mixing of fresh- 
water runoff and saline water, and has 
a tendency toward homogeneity due to 
the shallowness of the domain and wind 
and strong tidal mixing. Because of 
these features there is ready heat ex- 
change between the water column and 
the atmosphere, resulting in a large sea- 


sonal variation in temperature from 
near freezing (—1.5°C) in winter to av- 
erage air temperatures (10°C) in sum- 
mer. Flushing time for the coastal do- 
main is about 6 months. 

Properties of the oceanographic 
fronts and domains in the eastern 
Bering Sea divide the shelf into dis- 
tinct production regions (Alexander, 
1986; Walsh and McRoy, 1986). Over 
the outer shelf, a large portion of the 
annual primary production is advected 
off the shelf or channeled into a pe- 
lagic food web which supports the large 
population of semidemersal pollock and 
other species in this region. This leads 
to a relatively low biomass of 
macrobenthos on the outer shelf do- 
main and reduced abundances of 
benthic feeding groundfish. On the cen- 
tral shelf, however, where the abun- 
dance of pelagic grazers is low, practi- 
cally all of the primary production 
settles to the sea floor, providing a 
macrobenthic infaunal biomass 10 
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Figure 3.—The Bering Sea: About half is abyssal plain exceeding depths of 3,500 m and the other half is continental 
shelf of depths less than 200 m (Kinder, 1981—from a figure prepared by Noel McGary for the atlas by Sayles et 


al., 1979). 


times greater than on the outer shelf 
(Haflinger, 1981) and an abundant food 
source for benthic feeders such as yel- 
lowfin sole and other species. 

Seasonal ice cover is another char- 
acteristic of the eastern Bering Sea 
shelf. Ice begins to intrude into the 
northern Bering Sea in November. 
When it reaches its southern maximum 
in March-April, ice coverage may be 
as great as 80%. The intruding ice is 
completely melted by early July 
(Niebauer, 1983). There are large year- 
to-year deviations in the amount of ice 
cover, on the order of hundreds of ki- 
lometers, which have been found to be 
correlated with either wind fields or 
storm tracks (Niebauer, 1983). As dis- 
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cussed later, winter offshore migrations 
of yellowfin sole are believed to be re- 
lated to avoidance of this ice cover. 


History of Exploitation 


Yellowfin sole was the first target 
species of distant-water fleets from Ja- 
pan and the U.S.S.R., which initiated 
fisheries for groundfish in the eastern 
Bering Sea during the middle and late 
1950’s. Catches were processed for fish 
meal. These fisheries intensified dur- 
ing the early 1960’s with a peak catch 
of 554,000 t in 1961; during the 4-year 
period of 1959-62, catches averaged 
404,000 t (Table 1). It is generally rec- 
ognized that this level of exploitation 
was more than the stock could sustain 


(Fadeev, 1965; Bakkala et al., 1982; 
Wakabayashi'). Results of cohort analy- 
sis indicate that the exploitable biomass 
declined sharply from an estimated 1.2 
million t in 1960 to <500,000 t in 1963. 
As a result, catches also declined to a 
range of 48,000—167,000 t over the next 
decade. There was a further decline in 
catches to generally <100,000 t annu- 
ally from 1972 to 1982 because of the 
absence of a U.S.S.R. target fishery for 
yellowfin sole in most of those years. 
Since 1982, the improved condition of 


'Wakabayashi, K. 1975. Studies on resources of 
yellowfin sole in the eastern Bering Sea. I. Bio- 
logical characteristics. Unpubl. manuscr., 8 p., 
of Far Seas Fish. Res. Lab., Fish. Agency Jpn., 
1000 Orido, Shimizu 424. 





Table 1.—Annual catches of yellowfin sole in the eastern Bering Sea in metric tons' 


from 1954-91. 





Year Japan R.O.K.? 


US. 
domestic 
fisheries 


Other 
non-U.S. 
fisheries 


U.S. 
joint 


ventures Total 





1954 
1955 
1956 
1957 
1958 
1959 


12,562 
14,690 
24,697 
24,145 
39,153 
123,121 


1960 
1961 
1962 
1963 
1964 


360,103 
399,542 
281,103 
20,504 
48,880 


1965 
1966 
1967 
1968 
1969 


26,039 
45,423 
60,429 
40,834 
81,449 


1970 
1971 
1972 
1973 
1974 


59,851 
82,179 
34,846 
75,724 
37,947 


1975 
1976 
1977 
1978 
1979 


59,715 
52,688 
58,090 
62,064 69 
56,824 1,919 


1980 
1981 
1982 
1983 
1984 


61,295 
63,961 
68,009 
64,824 
83,909 


16,198 
17,179 
10,277 
21,050 
34,855 


1985 
1986 
1987 
1988 
1989 
1990 
1991 


59,460 
49,318 
TANT 


33,041 
7,632 
694 


12,562 
14,690 
24,697 
24,145 
44,153 
185,321 


456,103 
553,742 
420,703 

85,810 
111,177 


53,810 
102,353 
162,228 

84,189 
167,134 


133,079 
160,399 
47,856 
78,240 
42,235 


64,690 
56,221 
58,373 
138,433 
99,017 


9,623 
16,046 
17,381 
22,511 
32,764 


87,391 
97,301 
95,712 
108,385 
159,526 


126,401 

151,400 
179,613 o 
213,323 9,833 
151,501 1,664 
69,677 10,907 
84,482 


227,107 
208,597 
181,428 
223,156 
153,165 

80,584 

84,482 





‘Catches from data on file at NMFS Alaska Fisheries Science Center, 7600 Sand Point 


Way N.E., Seattle, WA 98115. 
?Republic of Korea. 


3A dash indicates fishing, but any catches of yellowfin sole were not reported. 


the resource has again allowed higher 
catches; these have exceeded 200,000 
t in recent years. Since the early 1960's, 
yellowfin sole catches have been 
mainly utilized for human consump- 
tion. Based on results of cohort analy- 
sis and catch-at-age data, annual ex- 
ploitation rates for exploitable ages 
7-17 of yellowfin sole have ranged 
from 4 to 11% and have averaged 8% 
since 1977. 


Biological Characteristics 


Yellowfin sole is one of 16 species of 
flatfish in the eastern Bering Sea. Nine 
of these species have very low abun- 
dance and make up only 1-2% of the 
biomass of the total flatfish complex. 
Three large species of moderate abun- 


4 


dance, Pacific halibut, Hippoglossus 
stenolepis; Greenland turbot, Rein- 
hardtius hippoglossoides; and arrow- 
tooth flounder, Atheresthes stomias, oc- 
cupy both continental shelf and 
continental slope waters. The four re- 
maining species, which are the most 
abundant and primarily occupy conti- 
nental shelf waters, are yellowfin sole, 
Alaska plaice, Pleuronectes quadrituber- 
culatus; rock sole, Pleuronectes bilin- 
eatus; and flathead sole, Hippoglussoides 
elassodon. The latter three species play 
major roles in the ecology of yellowfin 
sole. As might be expected in a com- 
plex of this sort, fish size is inversely 
related to abundance, with yellowfin sole 
being the smallest and most abundant 
species in the eastern Bering Sea. 


Distribution 


The winter distribution of adult yel- 
lowfin sole in the eastern Bering Sea is 
centered in three locations (Fig. 4). All 
are at depths of 100-270 m along the 
shelf edge and upper slope. The major 
group is located just north of Unimak 
Island near the end of the Alaska Pen- 
insula. Concentrations are so dense that 
a research vessel caught over 25 t dur- 
ing a half-hour tow (Bakkala et al., 
1982). A smaller group is located west 
of the Pribilof Islands, and a still 
smaller group is located just south of 
the Pribilof Islands. A fourth group, 
consisting almost entirely of juveniles 
<6 years old is found on the inner shelf, 
sometimes under ice cover. 

Beginning in April or early May, the 
three adult groups begin a migration 
onto the inner shelf. This was shown 
specifically during a spring research 
survey in 1976 (Smith and Bakkala, 
1982). At that time, portions of the yel- 
lowfin sole population were followed 
as the ice retreated during a particu- 
larly cold year. Japanese tagging stud- 
ies (Wakabayashi, 1989) have shown 
that each group moves into a specific 
location (Fig. 4). The Unimak Island 
group moves into Bristol Bay, the east- 
ernmost portion of the Bering Sea. The 
two Pribilof Islands groups move far- 
ther north to the vicinity of Nunivak 
Island. Since these areas are for feed- 
ing and spawning, it was originally 
thought that at least two stocks existed. 
However, further examination of the 
tagging results and genetic studies us- 
ing electrophoretic techniques (Grant 
et al., 1983) now leads to a concensus 
that there is only one stock. 

The summer distribution of yellow- 
fin sole extends over the inner and 
middle shelf to a depth of approxi- 
mately 100 m (Fig. 5). However, above 
lat. 61°N the density decreases drasti- 
cally. The summer surveys by the 
NMFS Alaska Fisheries Science Cen- 
ter (AFSC) cover the significant por- 
tions of the distribution. During the 
summer, yellowfin sole is closely as- 
sociated with the two next most abun- 
dant flatfish species, rock sole and 
Alaska plaice. Estimated abundances of 
the latter two species in 1990 were 1.6 
million t and 0.5 million t, respectively, 
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Figure 4.—Schematic diagram showing seasonal migration and distribu- 
tion of yellowfin sole by wintering group in the eastern Bering Sea (from 


Wakabayashi, 1989). 


based on survey data. This compares 
with the survey estimate of 2.4 million 
t for yellowfin sole. Although the dis- 
tributions overlap almost totally, the 
center of abundance for yellowfin sole 
is located between that of rock sole to 
the south and Alaska plaice to the 
north. Yellowfin sole is found as far 
north as the Chukchi Sea; however, 
their numbers are very small (Alverson 
and Wilimovsky, 1966) and the maxi- 
mum size was reported to be less than 
20 cm. 

During the summer, adults are found 
in almost all areas of the shelf at depths 
less than 100 m (Fig. 6). However, the 
juveniles located in the shallow waters 
during the winter remain in waters pri- 
marily less than 50 m during the 
summer. 


Feeding and Predators 


Yellowfin sole is characterized as a 
benthopelagic feeder. It could also be 
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described as opportunistic. Feeding 
studies in different areas at different 
times of the year (Livingston et al., 
1986; Wakabayashi, 1986) describe a 
wide variety of prey items ranging from 
strictly benthic bivalve siphons to small 
pelagic fish. In general, feeding during 
winter is very slight to none. Feeding 
begins during the spring migration to 
the major feeding and spawning 
grounds. Wakabayashi (1986) found 
four major groups in the diet of yel- 
lowfin sole. Over 65%, by weight, of 
the yellowfin sole stomach contents col- 
lected during the summers of 1970 and 
1971 consisted of polychaetes, bi- 
valves, amphipods, and echiurids. Al- 
though these categories were also im- 
portant to the potential competitors, 
rock sole and Alaska plaice, the rela- 
tive proportions of each prey were quite 
different for yellowfin sole than for the 
other species. Alaska plaice and rock 
sole have heads that are indented at 


the upper eye which provide them with 
more downward vision than yellowfin 
sole (Zhang, 1987). Livingston et al. 
(1986) found that while bivalves were 
dominant in the stomach contents of 
yellowfin sole during the spring, sum- 
mer proportions of bivalves dropped 
considerably and_ polychaetes, 
echiurids, euphausids, and crangonid 
shrimp were most important. Although 
Tanner crabs, Chionoecetes sp., were 
only a small part of the stomach con- 
tents, the large yellowfin sole popula- 
tion is a significant predator on this 
valuable resource. 

Daily ration estimates for yellowfin 
sole were made by Livingston et al. 
(1986) using both stomach content 
weight information and bioenergetic 
calculations. Values obtained were 
0.12% body weight and 0.40% body 
weight respectively. Based on gross 
conversion efficiency, the latter value 
is considered most accurate. 

The primary predators on yellowfin 
sole are two abundant gadids, Pacific 
cod, Gadus macrocephalus, and wall- 
eye pollock, the Pacific halibut, and 
four species of cottids (Brodeur and 
Livingston, 1988; Wakabayashi, 1986). 
On a much smaller scale, sea birds and 
marine mammals also consume yellow- 
fin sole. 

The yellowfin sole plays an impor- 
tant part in the ecosystem of the east- 
ern Bering Sea (Fig. 7). The prey items 
consumed by such a large fish popula- 
tion represent a significant portion of 
the prey available to potential competi- 
tors. In turn, the yellowfin sole itself 
contributes a significant input to the 
diet of the predators and represents a 
large portion of the resource. 


Growth and 
Natural Mortality 


The yellowfin sole is a slow grow- 
ing, long-lived flatfish. Although 
lengths seldom exceed 400 mm, ages 
above 25 are not uncommon. Lengths 
at age are similar for males and 
females during the juvenile years 
(Fig. 8), but females slightly outgrow 
males as they near the onset of sexual 
maturity. There is considerable variabil- 
ity in length at age for both sexes. How- 
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Figure 7.—Schematic diagram of interspecific feeding relationships with reference to yellowfin sole on the conti- 
nental shelf of the eastern Bering Sea. Arrows indicate flow of matter. Bold-faced and underlined species are key 
ones for yellowfin sole; minor species are excluded (from Wakabayashi, 1986). 


ever, these data are combined from vir- 
tually the entire distribution on the shelf 
and therefore does not reflect possible 
growth differences due to environmen- 
tal variations from south to north. 
Based on data gathered in 1988, the 
parameters for the von Bertalanffy 
equation are as follows: 


to L., (mm) k 





Males 1.63 352 0.16 


Females 2.44 376 0.17 

The length-weight relationships for 
males and females are very similar 
(Fig. 9). From 1987 data, the param- 
eters for the relationship, Weight (g) = 
a-Length (mm)” are: 


a b 





Males 8.955-10° 3.0426 


Females 5.783-°10° 3.1231 

It is to be expected that the natural 
mortality (M) of such a slow-growing, 
long-lived specics would be relatively 
low. However, Fadeev (1970) estimated 


M for yellowfin sole as 0.25 and 
Wakabayashi’ derived the same value 
using the methods of Alverson and 
Carney (1975). Bakkala et al.* believed 
this value to be too high. Using a simu- 
lation based on cohort analysis, they 
found that an M of 0.12 provided the 
best fit to available data. That value 
has been used subsequently and is used 
in analyses reported in this paper. 


Maturity and Spawning 


Fadeev (1970) reported that during 
1959-64, when the population was 
sharply decreasing from a high level, 
50% maturity was reached at a length 
of 16-18 cm for males and 30-32 cm 


"Wakabayashi, K. 1975. Studies on resources of 
the yellowfin sole in the eastern Bering Sea. II. 
Stock size estimated by the method of virtual 
population analysis and its annual changes. 
Unpubl. manuscr., 22 p., of Far Seas Fish. Res. 
Lab., Fish. Agency Jpn., 1000 Orido, Shimizu 
424. 

*Bakkala, R., V. Wespestad, T. Sample, R. Narita, 
R. Nelson, D. Ito, M. Alton, L. Low, J. Wall, and 
R. French. 1981. Condition of groundfish re- 
sources of the eastern Bering Sea and Aleutian 
Islands region in 1981. Unpubl. rep., 152 p., of 
Alaska Fish. Sci. Cent., 7600 Sand Point Way 
N.E., Seattle, WA 98115. 


for females. Wakabayashi (1989) re- 
ported 50% maturity in 1973 to occur 
at 13 cm for males and 25 cm for fe- 
males. He suggested that the lower 
abundance in 1973 was responsible for 
the decrease in size at maturity. Males 
and females reached 50% maturity at 
about ages 5 and 9, respectively. Al- 
though the sample size was only about 
1,500 fish, results of a study during the 
1990 AFSC survey showed the size at 
50% maturity to be 20.3 cm for males 
and 28.8 cm for females. Because the 
estimate of exploitable biomass (2 mil- 
lion t) is now equal to or greater than 
that of either of the past studies, there 
appears to be a relationship of in- 
creasing size at maturity with popula- 
tion abundance. In summary, the size 
at maturity has varied over time as 
follows: 


Males 
16-18 cm 


Females 


30-32 cm 


Year(s)/source 


1959-64, Fadeev 
(1970) 





1973, Waka- 
bayashi (1989) 


13 cm 25cm 


1990, this paper 20.3 cm 28.8 cm 
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Figure 8.—Age-length relationships for yellowfin sole 
from data gathered during the 1988 U.S.-Japan bottom 
trawl survey of the eastern Bering Sea. See text for pa- 


rameters of fitted curves. 


Fertilization of yellowfin sole eggs 
is external. The spawning period is usu- 
ally considered to be July-August 
based on past maturity studies (Fadeev, 
1970) and egg and larval surveys 
(Musienko, 1963, 1970). However, our 
experience on the annual AFSC trawl 
surveys suggests that the spawning pe- 
riod is more variable and protracted, 
perhaps beginning as early as late May. 
Evidence from the 1990 survey showed 
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about 10% of females and 20% of 
males were ripe and running or spent 
during the month of June. 

Spawning takes place primarily in 
shallow water (Musienko, 1970; 
Kashkina, 1965; Waldron, 1981); eggs 
have been found to the limits of the 
inshore ichthyoplankton sampling. 
However, evidence from the surveys 
suggests that large females may spawn 
in waters out to a depth of around 


Figure 9.—Length-weight relationships for yellowfin sole 
from data gathered during the 1987 AFSC bottom trawl 
survey of the eastern Bering Sea. See text for param- 
eters of fitted curves. 


50 m. While the majority of the spawn- 
ing occurs in Bristol Bay, significant 
numbers of early-stage eggs were found 
north of Nunivak Island (Kashkina, 
1965). It appears that spawning takes 
place over a wide range of inshore wa- 
ters from Bristol Bay to at least as far 
north as Nunivak Island. It is unknown 
whether spawning takes place as far 
north as Norton Sound or the Chukchi 
Sea, or whether fish found there are 





the result of egg and larval drift or adult 
migrations. 


Fecundity and 
Early Life History 


The fecundity of yellowfin sole var- 
ies with size and was reported by 
Fadeev (1970) to range from 1.3 to 3.3 
million eggs for fish 25-45 cm long. 
Egg diameters range from 0.68 to 0.86 
mm (Musienko, 1963). Prolarvae and 
larvae measured 2.2-5.5 mm in July 
and 2.5—12.3 mm in late August-early 
September. The age or size at meta- 
morphosis is unknown. 


Assessment Methods 
Resource Assessment Surveys 


Since 1971, the AFSC has conducted 
summer bottom trawl surveys in the 
eastern Bering Sea to estimate abun- 
dance and study the biology of fish and 
important invertebrate species. In 1975, 
and annually since 1979, these surveys 
have covered the major portion of the 
shelf to lat. 61°N (465,000 km?). The 
depth range extends from about 10 m 
near the mainland to about 200 m at 
the shelf break (subareas 1-6 in 
Fig. 10). In 1979, and triennially since, 
the surveys have been extended north 
to include Norton Sound (>64°N) and 
to cover the continental slope to a depth 
of at least 800 m (Fig. 10). Although 
the survey’s primary role is to provide 
fishery-independent abundance esti- 
mates for management purposes, they 
also provide a wealth of additional bio- 
logical information on the multispecies 
complex of fishes that inhabits the east- 
ern Bering Sea. 

The standard survey area on the shelf 
is divided into a 37X37 km grid 
(20X20 n.mi.) with a sampling loca- 
tion at the center of each grid block. In 
some areas of special interest, the cor- 
ners of the blocks have also been 
sampled. The sampling gear is an “east- 
ern” otter trawl with a 25.3 m headrope 
and 34.1 m footrope. Otter doors are 
1.8X2.7 m and weigh about 800 kg 
each. At each sampling site the trawl 
is towed for 0.5 h at a speed of 
5.6 km/h. The operating width between 
the wings varies from about 10 to 18 
m as a function of the amount of trawl 
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warp payed out and therefore indirectly 
as a function of depth. The operating 
trawl height varies from 2 to 3 m. Due 
to the relatively flat, unobstructed bot- 
tom on the shelf, the trawl is operated 
without roller gear; it is actually con- 
structed to dig slightly into the bottom 
to improve the catches of invertebrates. 

In recent years, about 355 sites have 
been sampled during a standard survey 
year. In the triennial years the sampling 
on the north shelf between St. Mat- 
thew Island and St. Lawrence Island is 
usually carried out on every other grid 
block (Fig. 10). Sampling also occurs 
in Norton Sound, where very few yel- 
lowfin sole are captured, and along the 
continental slope, where none are 
found. 

Estimates of biomass and population 
are made using the “area swept” 
method described by Wakabayashi et 
al. (1985). Explained briefly, the mean 
catch-per-unit-effort (CPUE) of a group 
of tows of known area swept is ex- 
panded to estimate the biomass within 
the total area of a stratum. The area 
swept is considered to be the product 
of the operating net width between the 
wings and the distance fished. The po- 
tential herding effect of the doors and 
dandylines is unknown. 


Cohort Analysis 


Cohort analysis, following the pro- 
cedures described in Pope (1972), have 
previously been carried out for yellow- 
fin sole by Bakkala and Wespestad 
(1986) and Wakabayashi et al.* The 
former analysis has been updated 
through 1990 for this report (Table 2). 
This method assumes knife-edge re- 
cruitment with equal availability and 
selectivity for all recruited ages and 
constant natural mortality over all ages 
and years; it also assumes that all 
catches are aged without error. The in- 
put terminal fishing mortality values (F) 
were tuned to make the estimated 1990 
population age composition closely 
match the 1990 trawl survey age com- 
position while generally coinciding 


*Wakabayshi, K., R. Bakkala, and L. Low. 1977. 
Status of the yellowfin sole resource in the east- 
ern Bering Sea through 1976. Unpubl. manuscr., 
45 p., on file at Northwest NMFS Alaska Fish. 
Sci. Cent., Seattle, Wash. 


with the observed biomass trend from 
trawl surveys since 1975. 


Stock Synthesis Model 


The abundance, mortality, recruit- 
ment and selectivity of yellowfin sole 
were also assessed using a stock syn- 
thesis model (Methot°). The synthesis 
model is a separable catch-age analy- 
sis that uses survey estimates of bio- 
mass and age composition as auxiliary 
information. The synthesis model op- 
erates by simulating the dynamics of 
the population and comparing the ex- 
pected values of the population char- 
acteristics to the characteristics ob- 
served from surveys and fishery 
sampling programs. The goodness of 
fit of the simulated values to the ob- 
servable characteristics is evaluated in 
terms of log (likelihood). 

The model assumes that fishing 
mortality can be separated into age- 
specific and year-specific components. 
A double logistic selectivity curve is 
used to model the age-specific survey 
and fishery selectivities, allowing the 
synthesis model the utility to fit most 
species and gear selectivities by age. 
The year-specific fishing mortality rates 
are tuned to the levels necessary to 
match the observed catch biomass, and 
thus are not estimated as parameters. 
The model inputs include the same 
catch-at-age information used in the co- 
hort analysis as well as survey age com- 
position since 1975, trawl survey bio- 
mass estimates and their attendent 95% 
confidence intervals, and age-specific 
maturity ogives of female yellowfin sole. 


Results and Evaluation 
of Methods 


Long-term Changes 
in Abundance from 
Cohort Analysis and Survey Data 


Biological data collections for yel- 
lowfin sole by Japanese scientists dur- 
ing the early years of their target 
fisheries for this species allow an ex- 
amination of historical trends in abun- 


‘Methot, R. D. 1986. Synthetic estimates of his- 
torical abundance and mortality for northern an- 
chovy, Engraulis mordax. NMFS Southwest Fish. 
Cent. Admin. Rep. LJ-86-29, SWFC, P.O. Box 
271, La Jolla, Calif. Unpubl. rep. 
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Table 2.—Results of the upd using yell sole catch at age data for 1977-90. 





Age 





Year 7 10 12 13 15 16 17+ 





Yellowfin sole catch-at-age 

1977 18,650,512 42,546,480 
1978 66,837,397 131,677,784 
1979 20,654,198 49,428,494 
1980 33,140,657 19,740,704 
1981 31,066,415 46,191,267 
1982 27,726,700 58,892,000 
1983 56,236,000 39,638,000 
1984 13,194,000 26,294,000 
1985 36,878,000 52,146,000 
1986 49,338,000 40,699,000 
1987 18,242,800 49,363,000 
1988 29,010,110 57,536,690 
1989 2,541,111 33,831,360 
1990 8,831,887 7,042,442 


35,679,240 
113,767,109 
89,612,568 
41,251,153 
41,740,204 
45,084,000 
75,910,000 
33,997,000 
107,220,000 
67,598,000 
33,487,000 
140,511,500 
47,028,480 
53,350,411 


70,547,589 
97,791,937 
82,949,924 
64,094,844 
51,734,340 
42,162,000 
53,494,000 
70,530,000 
105,950,000 
111,576,000 
49,330,000 
40,824,530 
73,072,270 
29,166,551 


48,273,404 
104,343,723 
61,254,688 
60,753,036 
67,242,816 
71,458,000 
53,525,000 
72,153,000 
127,860,000 
82,476,000 
55,419,000 
71,655,720 
29,536,800 
49,380,263 


15,812,391 
38,879,270 
45,056,133 
47,678,239 
70,640,739 
75,040,000 
77,054,000 
94,146,000 
108,810,000 
74,687,000 
59,587,000 
89,379,400 
20,466,530 
19,997,872 


4,738,649 
21,592,660 
22,902,840 
42,362,204 
58,389,770 
39,648,000 
57,885,000 

107,810,000 
108,490,000 
64,265,000 
73,360,000 
53,641,690 
52,028,580 
18,449,330 


2,888,802 
12,294,087 
7,120,701 
23,223,262 
40,197,601 
20,103,500 
32,317,000 
102,080,000 
103,920,000 
40,151,000 
60,991,000 
104,146,700 
32,164,660 
16,882,833 


2,179,272 

4,493,270 

4,080,870 

7,353,264 
18,477,135 
10,373,300 
16,486,000 
56,541,000 
66,100,000 
56,498,000 
26,298,000 
82,114,400 
45,298,170 
17,397,808 


582,828 
2,683,481 
1,540,737 

10,094,428 
5,721,428 
2,691,900 
5,212,100 

23,616,000 

29,533,000 

51,783,000 

40,131,000 

34,830,910 

44,542,890 

23,208,050 


253,404 
686,472 
1,290,887 
4,196,986 
4,413,815 
457,350 
2,883,100 
11,348,000 
15,437,000 
28,807,000 
42,251,000 
57,536,690 
33,831,360 
7,042,442 


Yellowfin sole population numbers 

1977 3,146,176,675 2,093,705,062 
1978 2,126,336,138 2,772,844,000 
1979 1,832,170,359 1,822,945,886 
1980 1,955,653,080 1,605,537,944 
1981 2,292,397,501 1,703,297,988 
1982 1,405,642,831 2,003,916,945 
1983 1,401,488,193 1,260,492,750 
1984 1,000,637,266 1,190,047,450 
1985 695,449,515 875,059,999 
1986 1,665,760,414 582,077,995 
1987 1,182,966,578 1,430,932,175 
1988 3,171,946,582 1,032,016,812 
1989 450,681,674 2,785,943,555 
1990 1,958,447,010 397,325,659 


1,458,033,290 
1,816,881,042 
2,335,282,544 
1,570,257,959 
1,405,393,319 
1,467,188,499 
1,721,852,495 
1,080,627,118 
1,030,714,647 

726,999,343 

477,927,995 
1,222,634,667 

861,130,788 
2,439,049, 100 


1,216,656,729 
1,259,558,080 
1,504,287,099 
1,986,815,876 
1,353,845,002 
1,207,162,613 
1,258,820,952 
1,455,656,821 
926,413,107 
813,185,892 
581,129,176 
392,347,237 
952,050,925 
719,464,740 


1,005,364,746 
1,012,638,500 
1,025,031,672 799,862,563 
1,256,063,674 851,434,045 
1,701,785,353 1,056,813,488 
1,152,031,233 1,446,021,310 
1,030,950,515 954,463,435 
1,066,095,276 863,963,135 
1,224,629,131 877,590,552 
721,874,765 965,734,590 
616,152,867 562,572,510 
468,958,098 494,286,921 
309,533,688 348,445,706 
775,576,550 246,715,043 


230,142,415 
846,216,359 


271,661,195 
189,226,462 
713,911,465 
666,982,186 
710,252,581 
870,782,537 
211,835,841 
773,966,402 
677,603,197 
675,879,596 
786,192,177 
442,840,133 
354,218,823 
289,768,965 


112,494,125 
236,479,174 
147,493,615 
611,613,586 
551,664,910 
574,948,115 
734,975,748 
020,287,933 
584,914,985 
498,808,089 
538,928,929 
628,202,063 
342,246,123 
265,165,242 


7,269,256 
97,052,767 
198,160,077 
124,109,078 
520,581,745 
451,426,208 
491,000,470 
621,430,007 
808,778,896 
420,904,883 
404,590,300 
420,547,920 
459,083,579 
273,253,545 


1,440,724 
4,394,891 
81,846,480 
171,909,003 
103,149,834 
444,313,478 
390,609,924 
419,952,421 
497,910,665 
655,071,896 
320,101,330 
334,072,882 
295,660,116 
364,510,399 


269,074 
728,921 
1,370,711 
71,140,304 
59,143,217 
175,095,390 
231,226,559 
549,625,256 
779,697,865 
987,612,485 
1,215,806,652 
1,756,688,739 
1,634,477,654 
1,466,780,319 


Yellowfin sole fishing mortality values 
1977 0.0063 0.0218 
1978 0.0339 0.0517 
1979 0.0120 0.0292 
1980 0.0182 0.0131 
1981 0.0145 0.0292 
1982 0.0205 0.0317 
1983 0.0435 0.0340 
1984 0.0141 0.0237 
1985 0.0580 0.0654 
1986 0.0320 0.0771 
1987 0.0165 0.0373 
1988 0.0098 0.0610 
1989 0.0060 0.0130 
1990 0.0048 0.0190 


0.0523 
0.1159 
0.0656 
0.0527 
0.0429 
0.0681 
0.0567 
0.0746 
0.1175 
0.1293 
0.1004 
0.1770 
0.1068 
0.0700 


0.0758 
0.0500 
0.0617 
0.0613 
0.0736 
0.0567 
0.0896 
0.1230 
0.1412 
0.0857 
0.1193 
0.2132 
0.0644 
0.0900 


0.0187 
0.1292 
0.0347 
0.0698 
0.0913 
0.0496 
0.0521 
0.1601 
0.1863 
0.1064 
0.1043 
0.1377 
0.1696 
0.0700 


0.0263 
0.0688 
0.0416 
0.0283 
0.0320 
0.0332 
0.0479 
0.0340 
0.1170 
0.1040 
0.0773 
0.1301 
0.0597 
0.0235 


0.0635 
0.0860 
0.0603 
0.0349 
0.0414 
0.0378 
0.0462 
0.0528 
0.1295 
0.1575 
0.0945 
0.1171 
0.0850 
0.0440 


0.0276 
0.0568 
0.0526 
0.0412 
0.0805 
0.0378 
0.0478 
0.1123 
0.2091 
0.0893 
0.1280 
0.1936 
0.1051 
0.0700 


0.3832 
0.0504 
0.0221 
0.0650 
0.0384 
0.0247 
0.0363 
0.1016 
0.0908 
0.1538 
0.0715 
0.2323 
0.1107 
0.0700 


0.5613 
1.0451 
0.0202 
0.0644 
0.0607 
0.0065 
0.0143 
0.0616 
0.0651 
0.0877 
0.1429 
0.1173 
0.1743 
0.0700 


0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.1000 
0.1000 
0.1000 


Yellowfin sole biomas: 
1977 352,372 
1978 238,150 
1979 205,203 
1980 219,033 
1981 256,749 
1982 162,472 
1983 156,967 
1984 112,071 
1985 77,890 
1986 186,565 
1987 132,492 
1988 355,258 
1989 50,476 
1990 219,346 


282,650 
374,334 
246,098 
216,748 
229,945 
270,529 
170,167 
160,656 
118,133 

78,581 
193,176 
139,322 
376,102 

53,639 


231,827 
288,884 
371,310 
249,671 
223,458 
233,283 
273,775 
171,820 
163,884 
115,593 

75,991 
194,399 
136,920 
387,809 


225,081 
233,018 
278,293 
367,561 
250,461 
223,325 
232,882 
269,297 
171,386 
150,439 
107,509 

72,584 
176,129 
133,101 


211,127 
212,654 
215,257 
263,773 
357,375 
241,927 
216,500 
223,880 
257,172 
151,594 
129,392 

98,481 

65,002 
162,871 


53,393 
196,322 
185,568 
197,533 
245,181 
335,477 
221,436 
200,439 
203,601 
224,050 
130,517 
114,675 

80,839 

57,238 


71,719 

49,956 
188,473 
176,083 
187,507 
229,887 
319,925 
204,327 
178,887 
178,432 
207,555 
116,910 

93,514 

76,499 


31,611 
66,451 
41,446 

171,863 

155,018 

161,560 

206,528 

286,701 

164,361 

140,165 

151,439 

176,525 
96,171 
74,511 


2,152 
28,728 
58,655 
36,736 
154,092 
133,622 
145,336 
183,943 
239,399 
124,588 
119,759 
124,482 
135,889 

80,883 


514 
1,569 
29,219 
61,372 
36,824 
158,620 
139,448 
149,923 
177,754 
233,861 
114,276 
119,264 
105,551 
130,130 


98 

265 

499 
25,895 
74,217 
97,525 
231,247 
334,268 
428,149 
535,236 
671,066 
685,820 
644,528 
582,849 





dance through cohort analysis. Survey 
data are also available to provide peri- 
odic independent estimates of biomass. 

Cohort analyses (Bakkala et al., 
1982; Bakkala and Wespestad, 1986) 
have indicated that the biomass of yel- 
lowfin sole (ages 7-17) may have been 
approximately 1.2 million t in 1959- 
60, the time the fishery intensified for 
this species (Fig. 11). This intense ex- 
ploitation, which continued through 
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1962, apparently reduced the popula- 
tion biomass to less than half the level 
in 1959-60. 

After 1963, cohort analysis indicates 
that biomass remained at a reduced 
level through the early 1970’s. Biomass 
estimates from the International Pacific 
Halibut Commission and Japan Fish- 
ery Agency surveys from 1965 to 1971, 
which were standardized to the AFSC 
survey areas of 1975 and 1979-86 


(Bakkala, 1988), agree quite well with 
results of the cohort analysis and sug- 
gest that biomass probably ranged 
around 500,000 t during this period 
(Fig. 11). 

Both cohort analysis and AFSC sur- 
vey data show that the yellowfin sole 
population began to recover in the early 
1970’s. Abundance of the population 
continued to increase through the early 
1980’s. This sustained increase was the 
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Figure 11.—Biomass estimates for eastern Bering Sea yellowfin sole from cohort analysis (ages 7-17) and from 
trawl survey data (all ages sampled). Commercial catches and exploitation rates (catch as percent of biomass 
estimates from cohort analysis) are also shown. 


result of the recruitment of a series of 
strong year classes from 1968 to 1976 
(Fig. 12). Cohort analysis indicates that 
the biomass of yellowfin sole peaked 
in 1984 at just over 2.0 million t, sug- 
gesting that the population during the 
1980’s was as high, if not higher, than 
that in 1959-60. 

As mentioned above, the AFSC sur- 
vey data also shows the increase in 
abundance of yellowfin sole, and there 
was reasonably good agreement in the 
magnitude of biomass estimates be- 
tween the survey data and cohort analy- 
sis during 1975-81 (Fig. 11). In 1982- 
84, the survey biomass estimates 
fluctuated unreasonably and were much 
higher than those from cohort analy- 
sis. The survey estimates (for ages 
7-17) increased from 2.1 million t in 
1981 to 3.7 million t in 1983, and then 
decreased to 2.1 million t in 1985, an 
estimate similar to that from cohort 
analysis in 1985. Fluctuations of this 
magnitude are not possible for a long- 
lived and slow-growing species like 
yellowfin sole. 

The reasons for these fluctuations in 
survey biomass estimates are unknown, 
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but may be related to changes in the 
availability or vulnerability of yellow- 
fin sole to the survey trawls. Interest- 
ingly, a similar problem has been en- 
countered in trawl survey abundance 
estimates for an Atlantic species of 
flatfish of the same genus as yellowfin 
sole (yellowtail flounder, Limanda 


ferruginea) as reported by Collie and 


Sissenwine (1983). 
Updated Cohort Analysis 


The age range used in previous co- 
hort analyses for yellowfin sole was 
7-17, although ages well over 20 years 
have been recorded for this species. 
However, until the mid-1980’s, popu- 
lation numbers for age groups exceed- 
ing 17 years was very low and did not 
contribute significantly to the total 
population abundance. Because of the 
recruitment of the 1968-77 series of 
strong year classes to age groups 18 
and older during the late 1980’s, it is 
no longer satisfactory to truncate the 
age range at age 17. For example, sur- 
vey data in 1990 indicated that fish 
older than 17 years comprised 22% of 
the total estimated biomass in 1988, 


26% in 1989, and 18% in 1990. These 
older age groups also contributed sig- 
nificantly to fishery catches—19% of 
the 1988 catch, 26% in 1989, and 18% 
of the 1990 catch. Therefore, in updat- 
ing the cohort analysis, these older age 
groups were included. 

Estimated biomass from the updated 
cohort analysis (which includes ages 
>17) indicates that survey estimates 
may have underestimated the yellow- 
fin sole biomass during the period of 
increasing stock size in the late 1970’s 
and early 1980’s (Fig. 13). Since the 
peak year of 1983, survey estimates 
have shown unexplained fluctuations 
(Table 3), while cohort analysis indi- 
cates a gradual decline in stock abun- 
dance through 1990 to 1.96 million t. 

The updated cohort analysis prima- 
rily differs from the previously described 
analysis of Bakkala and Wespestad 
(1986) by estimating a higher level of 
stock abundance during the late 1970's 
and early 1980's. This results from the 
addition of the age groups older than 17 
years in the updated cohort analysis, 
which increases year-class abundance in 
early years in order to produce the 
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Figure 12.—Year-class strength at age 7 for yellowfin sole of the eastern Bering 
Sea as estimated by cohort analysis (top) and the stock synthesis model (bot- 
tom; year class is indicated on top of the bar). 


present age distribution. The updated 
cohort analysis indicates that the bio- 
mass of yellowfin sole reached a peak 
of about 2.3 million t in 1983 and has 
since slowly declined. 

Examination of fishery selectivities 
through age-specific F values calcu- 
lated from the updated cohort analysis, 
age-specific catch to population ratios 
(cohort analysis), and selectivities esti- 
mated by the stock synthesis model in- 
dicate that the model assumption of 
knife-edge recruitment was violated 
(Fig. 14). Yellowfin sole are only par- 
tially recruited to the fishery bottom 
trawls at age 7 and may not be fully 
selected until age 13. In addition, the 
cohort analysis method does not per- 
form well at predicting the current 
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population abundance as the current es- 
timate is only as good as the estimate 
of the terminal fishing mortalities. 
Other sensitivity analyses (Megrey’) in- 
dicate that cohort analyses are more 
accurate at estimation when the popu- 
lation has experienced a prolonged pe- 
riod of high exploitation, unlike yel- 
lowfin sole, where average F values 
have ranged from 0.02 to 0.18 since 
1977 (Table 2). For these reasons, other 
age-structured analyses (such as the 
stock synthesis model) may provide a 
preferred alternative to cohort analysis 


°Megrey, B. A. 1983. Review and comparison of 
three methods of cohort analysis. U.S. Dep. 
Commer., NOAA, NMFS Northwest Alaska Fish. 
Cent., Seattle. NWAFC Proc. Rep. 83-12, 24 p. 


for the estimation of the exploitable 
biomass of yellowfin sole. 


Stock Synthesis Analysis 


The synthesis model has the utility 
of allowing emphasis to be placed on 
different, observable characteristics of 
the population to evaluate the fit of the 
simulated population parameters. The 
emphasis placed on each component 
of the total log (likelihood) function 
determines how closely the model es- 
timate will approach the observations 
of that population component. For this 
analysis, sensitivity of the results when 
emphasis was placed on survey bio- 
mass, survey and catch age composi- 
tion, and the 1990 trawl survey age 
composition were investigated. A de- 
sirable simulation of yellowfin sole 
population dynamics would require a 
good fit to the trawl survey biomass 
trend since 1977 and the 1990 trawl 
survey age composition, as well as a 
reasonable fit to the survey and fishery 
age compositions since 1977. 

The synthesis model was run with the 
selectivity curve fixed asymptotically for 
the older fish in the fishery and survey, 
but still was allowed to estimate the 
shape of the logistic curve for young 
fish. The oldest year classes in the most 
recent surveys and fisheries (1989 and 
1990) were truncated at 20 and allowed 
to accumulate into the age category 17+ 
years. Emphasis on survey age compo- 
sition and survey biomass were varied 
over a log scale range to evaluate the fit 
of the model to these factors and the 
1990 survey age composition. 

When emphasis was placed on the 
survey biomass, the fit to the survey bio- 
mass gradually improved towards 
matching the biomass exactly at high 
emphasis levels (Fig. 15). At emphasis 
levels greater than 10, the fit to the sur- 
vey age composition and the catch age 
composition degraded substantially. 
When emphasis was placed on the sur- 
vey age composition, the fit improved 
marginally as the emphasis factor was 
increased, but there was an accompany- 
ing degradation to the fit of the survey 
biomass and fishery catch age composi- 
tion, particularly at emphasis levels 
greater than 100. The effect of placing 
a large emphasis on a particular observ- 
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Figure 13.—Estimated biomass (t) of yellowfin sole in 
the eastern Bering Sea for 1979-90 derived from three 
methods—trawIl survey data, cohort analysis, and a stock 
synthesis model. 


Figure 14.—Estimated age-specific fishery selectivity of 
yellowfin sole from three methods; ratio of catch to popu- 
lation number from cohort analysis, average F by age 
estimated from cohort analysis, and estimates from a 
stock synthesis model. 
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Figure 15.—Syathesis model fit (in terms of log {likeli- 
hood}) of catch age composition, survey biomass, and 
survey age composition with varying emphasis placed 
on fitting the survey biomass. 


Figure 16.—Synthesis model fit (in terms of log {likeli- 
hood}) of catch age composition, survey biomass, and 
survey age composition with varying emphasis placed 
on fitting the survey age composition. 


able characteristic of the population has 
been shown to improve the fit to this 
characteristic at the expense of degrad- 
ing the fit of other observable aspects 


Table 3.—Estimated biomass (t) and 95% confidence 
intervals of yellowfin sole from Alaska Fisheries Sci- 
ence Center trawl surveys in 1975 and during 1979-90. 





95% Confidence 
interval 
of total 


Age groups 


Year 0-6 7+ Total 





1975 169,500 803,000 972,500 812,300—1,132,700 
1979 211,500 1,655,000 1,866,500 1,586,000-2,147,100 
1980 235,900 1,606,500 1,842,400 1,553,200-2,131,700 
1981 343,200 2,051,500 2,394,700 2,072,900-2,716,500 
1982 665,700 2,609,600 3,275,300 2,733,600-3,817,100 
1983 222,500 3,688,100 3,910,600 3,447,800-4,373,300 


1984 183,500 3,136,800 3,320,300 2,929,800-3,710,800 


1985 155,000 2,122,400 2,277,400 2,003,000-2,551,900 
1986 78,700 1,787,700 1,866,400 1,587,000-2,149,300 
1987 120,000 2,345,800 2,465,800 2,091,100-2,840,600 
1988 53,800 2,800,600 2,854,600 2,393,900-3,315,200 
1989 239,300 2,592,500 2,831,800 2,422,300-3,241,200 
1990 69,600 2,114,200 2,183,800 1,886,200-2,479,400 
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of the population. Figure 16 shows that 
little improvement to the model’s fit re- 
sults from placing an emphasis factor 
greater than 5 on the survey biomass or 
the survey age composition. 

It is desirable for the model to 
closely approach the observed 1990 age 
composition since it would depict the 
current population age profile. A syn- 
thesis model run was made to investi- 
gate the fit to the current population 
age profile by placing emphasis on 
fitting the 1990 survey age composi- 
tion while placing slight emphasis on 
the survey biomass component of the 
total likelihood and then comparing the 
overall fit to the trend in biomass and 
recruitment from information obtained 
from trawl surveys. An emphasis level 
of 5.0 was placed on the survey bio- 


mass to provide a reasonable compro- 
mise between the fit to the various types 
of observable data. The resulting fit to 
the observable likelihood components 
is indicated in Figures 15 and 16 as a 
black dot from the final synthesis run 
and indicates that this final run exhib- 
ited a good fit to all the important ob- 
servable population characteristcs. 

The stock synthesis biomass esti- 
mates indicate that yellowfin sole bio- 
mass was nearly 1.5 million t in 1979, 
gradually increased to a peak of 2.8 
million t in 1985, and decreased slightly 
to 2.56 million t in 1989 before in- 
creasing to 2.66 million t in 1990 as 
the strong 1981 and 1983 year classes 
recruited to the fishable biomass 
(Fig. 13). Trawl survey and cohort 
analysis estimates both indicate that 
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yellowfin sole biomass peaked in 1983. 
Estimates from cohort analyses have 
remained stable at lower levels since 
1983. The survey estimates have 
fluctuated around the stock synthesis 
and cohort analysis estimates since 
1983. All three estimation procedures 
indicate that the yellowfin sole resource 
has slowly increased during the 1970’s 
and early 1980’s, to a peak level dur- 
ing the mid-1980’s, and that the re- 
source has remained abundant until the 
present. This is indicative of a slow- 
growing species with a low natural 
mortality rate which is known to have 
been lightly exploited while experienc- 
ing average to strong recruitment dur- 
ing the past 15 years. Good recruit- 
ment from the 1979-81 and 1983 year 
classes is expected to maintain the 
abundance of yellowfin sole at a high 
level in the near future. 

The natural mortality rate value of 
0.12 was also evaluated using the syn- 
thesis model. Values of natural mortal- 
ity were varied from 0.09 to 0.18 to 
determine which level would fit the ob- 
servable population characterics best 
(Fig. 17). Maximum log (likelihood) 
values occurred at M = 0.12. This value 
agrees with earlier assessments. 
Recruitment Strengths 

The primary reason for the sustained 
increase in abundance of yellowfin sole 
during the 1970’s and early 1980’s has 
been the recruitment of a series of stron- 
ger-than-average year classes spawned in 
1968-76 (Fig. 12). Many of these year 
classes still comprise the major portion 
of the exploitable population. This long 


series of strong year classes also creates 
a healthy spawning population. Of the 
later year classes, the 1978 year class is 
weak, but the 1979 and 1980 year classes 
appear to be above average and the 1981 
and 1983 year classes are two of the 
strongest yet observed. Thus there ap- 
pears to be continuing good recruitment 
entering the exploitable population to sus- 
tain the stock at its present abundant level. 


Current Management and 
Estimation of Yield 


Yellowfin sole is one component of 
13 species or species groups of ground- 
fish of the eastern Bering Sea managed 
under the auspices of the Magnuson 
Fishery Conservation and Management 
Act of 1976. The act created eight re- 
gional councils responsible for the 
fishery resource management within 
their geographic jurisdiction. The North 
Pacific Fishery Management Council 
(NPFMC) has an area of authority in- 
cluding the U.S. exclusive economic 
zones of the Arctic Ocean, Bering and 
Chukchi Seas, and the North Pacific 
Ocean in the Gulf of Alaska. 

The primary function of the councils 
is to develop and maintain fishery man- 
agement plans (FMP) for fisheries in 
need of conservation and management. 
The FMP must specify the present and 
future condition of the resource and es- 
tablish a maximum sustainable yield 
(MSY) and optimum yield for each spe- 
cies. Each year the NPFMC determines 
the total allowable catch (catch quota) 
for each species derived from the ac- 
ceptable biological catch (ABC). The 
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Figure 17.—Synthesis model fit (in terms of log {likeli- 
hood}) of a range of natural mortality values and the 
simulated biomass which would occur for each value. 


total allowable catch may be further in- 
fluenced by social and economic fac- 
tors. Recommendations concerning the 
ABC are provided to the council by 
fishery biologists from both state and 
Federal fisheries management agencies. 
The determined ABC may be above or 
below MSY based on seasonally deter- 
mined biological factors. 


Maximum Sustainable Yield 


Estimates of MSY have ranged from 
78,000 to 260,000 t (Bakkala and 
Wilderbuer, 1991) based on the yield 
equation of Schaefer (1957) and the 
method of Alverson and Pereyra (1969) 
using ranges in M of 0.12 to 0.25 and 
virgin biomass estimates of 1.3 to 2.0 
million t. Exploitation of the yellowfin 
sole population from 1959 to 1981 av- 
eraged 150,000 t, which may represent 
a reasonable estimate of MSY. This 
figure is similar to the long-term sus- 
tainable yield (175,000 t) estimated from 
an ecosystem model (Low, 1984). These 
latter estimates, however, are lower than 
the recent estimate of 252,000—284,000 
t obtained by fitting catch and biomass 
in logistic stock production modeling 
(Zhang et al., 1991). 


Acceptable Biological 
Catch For 1992 


After increasing during the 1970’s 
and early 1980’s, biomass estimates 
from cohort analysis and stock 
synthesis analysis have been stable at 
2 million t or more since 1982. The 
mean 1990 estimate of exploitable 
biomass from stock synthesis pro- 
jected ahead 1.5 years (discounting for 
1991 fishing and 1.5 years natural 
mortality and accounting for growth 
and recruitment) provides an estimate 
of 2.66 million t of exploitable bio- 
mass for the beginning of 1992. This 
is believed to be the best estimate 
of current yellowfin sole exploitable 
biomass. 

Two methods were used to estimate 
ABC: 1) Results from the yield-per- 
recruit model of Beverton and Holt 
(1957) and 2) the F,, fishing rate 
(Gulland and Boerema, 1973) derived 
from the Beverton and Holt model yield 
curve applied to the estimate of ex- 
ploitable biomass for 1992. 
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The yield-per-recruit model of 
Beverton and Holt (1957) uses the fol- 
lowing input data: M = 0.12 and von 
Bertalanffy growth parameters (k = 
0.11, t% = 0.22 years, and W,,, = 745 
grams). Age 9, at which nearly 50% of 
a cohort is recruited to the fishery, was 
used as the age of recruitment. The me- 
dium. low, and high levels of recruit- 
ment were derived from the mean num- 
ber and 95% confidence interval around 
the mean of age 9 recruits in 1977-90 
estimated from cohort analysis and the 
synthesis model. Results of the analy- 
sis follow. 

Cohort analysis estimated age 9 re- 
cruitment: 
Yield/recruit 


(Billions of fish) ABC 





M F Grams* Low Avg. High Low Avg High 





Cohort analysis 


0.12 0.14 161 1.10 1.40 1.70 177,100 225,400 273,700 


Stock synthesis model 


0.12. 0.14 161 1.37 2.08 220,570 276,920 334,880 


The validity of the ABC values for 
this model assumes that an equilibrium 
condition exists for the chosen level of 
recruitment. 

The second method of estimating 
ABC involves applying the F,, exploi- 
tation rate from the yield-per-recruit 
model to the 1992 exploitable biomass. 
Applying the Fy), exploitation rate 
(0.14) from the Beverton and Holt 
model to the 1992 projected biomass 
(2.66 million t) provides an ABC of 
372,400 t. This estimate exceeds the 
high recruitment values from the yield 
per recruit analysis in method 1. 
Survey and fishery information indi- 
cate that sustained high recruitment is 
not realistic for the yellowfin sole popu- 
lation. Even during a time period 
of generally good recruitment and re- 
duced exploitation, below-average year 
classes were produced as in 1978 and 
1982. Accordingly, it is believed that 
276,900 t, derived from the continued 
average recruitment scenario, is the best 
estimate of ABC for 1992. 


Biomass Projections 


Total biomass through 1996 is pro- 
jected using the delay difference equa- 


‘F,,, value. 
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tion of Deriso (1980). This model in- 
corporates growth, natural mortality, re- 
cruitment, and 2 years of biomass and 
catch estimates to predict future biomass. 
Recruitment was assumed constant over 
the period of the projection using the 
average recruitment values of age 9 
yellowfin sole from the cohort analysis 
model. Results indicate that a harvest 
level based on the average recruitment 
scenario from the yield per recruit ex- 
ploitation strategy will result in a stable 
population through 1996 (Fig. 18). 


Literature Cited 


Alexander, V. 1986. The biological environment 
of the Bering Sea. /n M. Alton (Compiler), A 
workshop on comparative biology, assessment, 
and management of gadoids from the North 
Pacific and Atlantic Oceans, Part I, p. 19-40. 
Northwest Alaska Fish. Cent., Natl. Mar. Fish. 
Serv., NOAA, 7600 Sand Point Way N.E., Se- 
attle, WA 98115. 

Alverson, D. L., and M. I. Carney. 1975. A 
graphic review of the growth and decay of 
population cohorts. J. Cons. Int. Explor. Mer 
36:133-143. 

and W. T. Pereyra. 1969. Demersal 
Fish explorations in the northeastern Pacific 
Ocean—an evaluation of exploratory fishing 
methods and analytical approaches to stock 
size and yield forecasts. J. Fish. Res. Board 
Can., 26:1985-2001. 

and J. Wilimovsky. 1966. Fishery in- 
vestigations of the Chukchi Sea. /n N. J. 
Wilimovsky and J. N. Wolf (Editors), Envi- 
ronment of the Cape Thompson region, Alaska, 
p. 843-860, U.S. Atomic Energy Comm., 
Wash., D.C. 

Askren, D. R. 1972. Holocene stratigraphic 
framework-southern Bering Sea continental 
shelf. M.S. thesis, Univ. Wash., Seattle, 104 p. 

Bakkala, R. G. 1981. Population characteristics 
and ecology of yellowfin sole. Jn D. W. Hood 
and J. A. Calder (Editors), The eastern Bering 
Sea Shelf: Oceanography and resources, vol., 


p. 553-574. U.S. Dep. 
Mar. Poll. Assess., U.S. 
EC. 

Bakkala, R. G. 1988. Structure and historical 
changes in the groundfish complex of the east- 
ern Bering Sea. Ph.D. Dissert., Hokkaido Univ. 
Hakodate, Jpn., 187 p. 

and V. G. Wespestad. 1986. Yellow- 

fin sole. Jn R. G. Bakkala and L. L. Low (Edi- 

tors), Condition of groundfish resources of the 
eastern Bering Sea and Aleutian Islands re- 
gion in 1985, p. 49-62. U.S. Dep. Commer., 

NOAA Tech. Memo. NMFS F/NWC-104. 

. and L. Low. 1982. The 
yellowfin sole (Limanda aspera) resource of 
the eastern Bering Sea—lIts current and future 
potential for commercial fisheries. U.S. Dep. 
Commer., NOAA Tech. Memo. NMFS F/ 
NWC-33, 43 p. 

and T. K. Wilderbuer. 1991. Yellow- 
fin sole. /n Plan team for the groundfish 
fisheries of the Bering Sea and Aleutian Is- 
lands (Compilers), Stock assessment and 
fishery evaluation report for the groundfish re- 
sources of the Bering Sea/Aleutian Islands re- 
gion as projected for 1992, chapt. 3. N. Pac. 
Fish. Manage. Counc., P.O. Box 103136, An- 
chorage, AK 99510. 

Beverton, R. J. H., and S. J. Holt. 1957. On the 
dynamics of exploited fish populations. Fish. 
Invest., Lond., Ser. 2, 19 p. 

Brodeur, R. D., and P. A. Livingston. 1988. Food 
habits and diet overlap of various eastern 
Bering Sea fishes. U.S. Dep. Commer., NOAA 
Tech. Memo. NMFS F/NWC-127, 76 p. 

Coachman, L. K. 1986. Circulation, water 
masses, and fluxes on the southeastern Bering 
Sea shelf. Jn D. W. Hood (Editor), Processes 
and resources of the Bering Sea Shelf 
(PROBES), p. 23-108. Continental Shelf 
Res. 5 (1/2), Pergamon Press Ltd., Lond. 

Collie, J. S., and M. P. Sissenwine. 1983. Esti- 
mating population size from relative abundance 
data measured with error. Can. J. Fish. Aquat. 
Sci. 40:1871-1879. 

Deriso, R. B. 1980. Harvesting strategies and 
parameter estimation in an age-structured 
model. Can. J. Fish. Aquat. Sci. 44:339-348. 

Fadeev, N. W., 1965. Comparative outline of the 
biology of fishes in the southeastern part of 
the Bering Sea and condition of their resources. 
[In Russ.] Tr. Vses. Nauchno-issled. Inst. 


Commer., NOAA, Off. 
Gov. Print. Off., Wash., 











—— Fe0.1 —+- FeMax 


*- Feo 

















Exploitable biomass (1,000 t) 


| 
| 








1994 1996 


Year 








Figure 18.—Projections 


of estimated biomass for 


yellowfin sole for 1992-96 from the delay-difference 
equation under three harvest strategies (F = 0, F = Fy, 


and F = F,.). 


max 





Morsk. Rybn. Khoz. Okeanogr. 58 (Izv. 
Tikhookean. Nauchno-issled. Inst. Morsk. 
Rybn. Khoz. Okeanogr. 53):121—138. (Transl. 
by Isr. Prog. Sci. Trans!., 1968, p. 112-129. In 
P. A. Moiseev (Editor), Soviet Fisheries In- 
vestigations in the northeastern Pacific, Pt. IV. 
Avail. Natl. Tech. Inf. Serv., Springfield, Va. 
as TT 67-51206. 

. 1970. The fishery and biological 
characteristics of yellowfin soles in the east- 
ern part of the Bering Sea. Tr. Vses. Nauchno- 
Issled. Inst. Morsk. Rybn. Khoz. Okeanogr. 
70 (Izv. Tikhookean-Nauchno-Issled. Rybn. 
Khoz. Okeanogr. 7):327-390. {In Russ.] 
Transl. by Isr. Prog. Sci. Transl., 1972, p. 332- 
396. Jn P.A. Moiseev (Editor), Soviet fisheries 
investigations in the northeastern Pacific, Part 
V. Avail. Natl. Tech. Inf. Serv., Springfield, 
VA as TT 71-50127. 

Grant, W. S., R. Bakkala, F. M. Utter, D. J. Teel, 
and T. Kobayashi. 1983. Biochemical genetic 
population structure of yellowfin sole, Limanda 
aspera, of the North Pacific Ocean and Bering 
Sea. Fish. Bull. 81(4):667-677. 

Gulland, J. A., and L. K. Boerema. 1973. Scien- 
tific advice on catch levels. U.S. Fish. Bull., 
71(2):325-335. 

Haflinger, K. 1981. A survey of benthic infaunal 
communities of the southeastern Bering Sea. 
In D. W. Hood and J. A. Calder (Editors), The 
eastern Bering Sea Shelf: Oceanography and 
resources, vol. 2, p. 1091-1104. U.S. Dep. 
Commer., NOAA, Off. Mar. Poll. Assess., U.S. 
Gov. Print. Off., Wash., D.C. 

Kashkina, A. A. 1965. Reproduction of yellow- 
fin sole (Limanda aspera, Pallas) and changes 
in its spawning stocks in the eastern Bering 
Sea. Tr. Vses. Nauchno-issled. Inst. Morsk. 
Rybn. Khoz. Okeanogr. 58 (Izv. :ikhookean. 
Nauchno-issled. Inst. Rbn. Khoz. Okeanogr. 
53):191-199. [In Russ.] Transl. by Isr. Prog. 
Sci. Transl., 1968, p. 182-190. In P. A. 
Moiseev (Editor), Soviet fisheries investiga- 
tions in the northeastern Pacific, Part IV. Avail. 
Natl. Tech. Inf. Serv., Springfield, Va., as 
TT67-5 1206. 

Kinder, T. H. 1981. A perspective of physical 
oceanography in the Bering Sea, 1979. Jn D. 


W. Hood and J. A. Calder (Editors), The east- 
ern Bering Sea shelf: Oceanography and re- 
sources, vol. 1:5-13. U.S. Gov. Print, Off., 
Wash., D.C. 

Livingston, P. A., D. A. Dwyer, D. L. Wencker, 
M. S. Yang, and G. M. Lang. 1986. Trophic 
interactions of key fish species in the eastern 
Bering Sea. Int. N. Pac. Fish. Comm. Bull. 
47:49-65. 

Low, L. L. 1984. Applications of a Laevastu- 
Larkins ecosystem model for Bering Sea 
groundfish management. Food Agric. 
Organ. U.N., FAO Fish. Rep. 291(3):1161- 
1176. 

Musienko, L. N. 1963. Ichthyoplankton of the 
Bering Sea (data of the Bering Sea expedition 
of 1958-1959). Tr. Vses. Nauchno-issled. 
Inst. Morsk. Rybn. Khoz. Okeanogr. 48 (Izv. 
Tikhookean. Nauchno-issled. Inst. Rybn. Khoz. 
Okeanogr. 50):239-269. [In Russ.] Transl. by 
Isr. Prog. Sci. Transl., 1968, p. 251-286. In 
P.A. Moiseev (Editor), Soviet fisheries inves- 
tigations in the northeastern Pacific, Part I. 
Avail. Natl. Tech. Inf. Serv., Springfield, Va., 
as TT67-51203. 

. 1970. Reproduction and develop- 
ment of Bering Sea fishes. Tr. Vses. Nauchno- 
issled. Inst. Morsk. Rybn. Khoz. Okeanogr. 
70 (Izv. Tikhookean. Nauchno-issled. Inst. 
Rybn. Khoz. Okeanogr. 72):161—224. [In 
Russ.] Transl. by Isr. Prog. Sci. Transl., 1972, 
p. 161-224. Jn P. A. Moiseev (Editor), Soviet 
fisheries investigations in the northeastern Pa- 
cific, Part V. Avail. Natl. Tech. Inf. Serv., 
Springfield, Va., as TT71-50127. 

Niebauer, H. J. 1983. Multiyear sea ice variabil- 
ity in the eastern Bering Sea: An update. J. 
Geogr. Res. 88:2733-2742. 

Pope, J. G. 1972. An investigation of the accu- 
racy of virtual population analysis using co- 
hort analysis. Res. Bull. Int. Comm. North- 
west Atl. Fish. 9:65-74. 

Sayles, M. A., K. Aagard, and L. K. Coachman. 
1979. Oceanographic atlas of the Bering Sea 
basin. Univ. Wash. Press, Seattle. 

Schaefer, M. B. 1957. A study of the dynamics 
of the fishery for yellowfin tuna in the eastern 
tropical Pacific Ocean. Inter-Am. Trop. Tuna 


Comm., Bull. 2:245-285. 

Schumacher, J. D., T. H. Kinder, and L. K. 
Coachman. 1983. Eastern Bering Sea. Jn 
Physical oceanography of continental shelves, 
p. 1149-1153. Rev. Geophys. Space Phys., 
U.S. Natl. Rep. 1979-82. 

Smith, G. B., and R. G. Bakkala. 1982. Demer- 
sal fish resources of the eastern Bering Sea: 
Spring 1976. U.S. Dep. Commer., NOAA 
Tech. Rep. NMFS SSRF-754, 129 p. 

Wakabayashi, K. 1986. Interspecific feeding re- 
lationships on the continental shelf of the east- 
ern Bering Sea, with special reference to yel- 
lowfin sole. Int. N. Pac. Fish. Comm. Bull. 
47:3-30. 

. 1989. Studies on the fishery biology 
of yellowfin sole in the eastern Bering Sea. 
Bull. Far Seas Fish. Res. Lab. 26:21—152. [In 
Jpn., Engl. summ.] 

————., R. G. Bakkala, and M. S. Alton. 
1985. Methods of the U.S.-Japan demersal 
trawl surveys. Jn R. G. Bakkala and 
K. Wakabayashi (Editors), Results of co- 
operative U.S.-Japan groundfish investiga- 
tions in the Bering Sea during May—August 
1979, p. 7-29. Int. N. Pac. Fish. Comm. Bull. 
44. 

Waldron, K. D. 1981. Ichthyoplankton. /n D. W. 
Hood and J. A. Calder (Editors), The eastern 
Bering Sea shelf: Oceanography and resources, 
Vol. 1, p. 471-493. U.S. Dep. Commer., 
NOAA, Off. Mar. Poll. Assess., U.S. Gov. 
Print. Off., Wash., D.C. 

Walsh, J. J., and C. P. McRoy. 1986. Ecosystem 
analysis in the southeastern Bering Sea. Jn D. 
W. Hood (Editor), Processes and resources of 
the Bering Sea shelf, (Probes) p. 259-288. 
Continental Shelf Res., 5(1/2), Pergamon Press 
Ltd., Lond. 

Zhang, C. I. 
dynamics of Alaska plaice, Pleuro- 
nectes quadrituberculatus, in the eastern 
Bering Sea. Ph.D. Dissert., Univ. Wash., 
Seattle. 225 p. 

Zhang, C. I., D. R. Gunderson, and P. J. Sullivan. 
1991. Using data on biomass and fishing mor- 
tality in stock production modeling of flatfish. 
Neth. J. Sea Res., 27(3):459-467. 


1987. Biology and population 


Marine Fisheries Review 





Potential Impact of PCB’s on 
Bluefish, Pomatomus saltatrix, Management 


PETER J. ELDRIDGE and G. MALCOLM MEABURN 


Introduction 


Bluefish, Pomatomus saltatrix, sup- 
port a large recreational fishery along 
the Atlantic coast of the United States. 
Since 1979, anglers along the Atlantic 
coast have landed more bluefish (by 
weight) than any other marine species 
(Anonymous, 1989). Although the com- 
mercial catch increased steadily from 
1960 through 1988 from 2.7 to 16.2 
million pounds, approximately 90% of 
the total catch was taken by recreational 
fishermen (Anonymous, 1989). In 1988 
and 1989, recreational catches of blue- 
fish declined about one-half from lev- 
els of the early 1980’s (USDOC, 1991). 
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ABSTRACT—Since 1979, anglers along 
the U.S. Atlantic coast have landed by 
weight more bluefish, Pomatomus saltatrix, 
than any other marine species. A fishery 
management plan has been developed 
jointly by three fishery management coun- 
cils and the Atlantic States Marine Fisher- 
ies Commission to preserve the bluefish re- 
source. Major objectives of the plan include 
prevention of recruitment overfishing and 
reduction in waste of bluefish. In 1985, a 
Federal survey found PCB concentrations 
in larger bluefish (over 500 mm fork length) 
that exceeded the U.S. Food and Drug Ad- 
minisiration tolerance level of 2 parts per 
million. Harvest strategies are presented in 
this article to protect the reproductive ca- 
pability of bluefish while minimizing hu- 
man health risks associated with dietary 
intake of PCB’s. 
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The present status of bluefish along 
the Atlantic coast is not well under- 
stood. Although commercial landings 
statistics have been gathered since 
1880, recreational statistics have been 
collected only since 1979 (Table 1). 
Records of commercial landings and 
anecdotal accounts suggest that the 
abundance of bluefish has varied con- 
siderably in the past, especially north 
of Cape Hatteras (Hildebrand and 
Schroeder, 1928; Bigelow and 
Schroeder, 1953). 

A Fishery Management Plan (FMP) 
was developed jointly by the Atlantic 
States Marine Fisheries Commission 
(ASMFC) and the Mid-Atlantic, the 
New England, and the South Atlantic 
Fishery Management Councils, with the 
Mid-Atlantic as lead (Anonymous, 
1989). The major goal of the FMP is 
to preserve bluefish along the Atlantic 
coast. Primary objectives include: 


1) Increase understanding of the con- 
dition of the stock and of the fishery. 


Table 1.—Atlantic coast commercial biuefish landings 
and recreational bluefish catch for 1979-88 in thou- 
sands of pounds’. 





Percent 
commercial 


Total 
catch 


Commerc. Recreation. 
catch catch 


Year of 
landings 





1979 12,410 
1980 15,118 
1981 16,460 
1982 15,944 
1983 15,773 
1984 11,862 
1985 13,255 
1986 13,951 
1987 14,767 
1988? 16,239 
Mean catch 14,578 


140,565 
153,468 
128,344 
124,722 
138,580 

86,701 

99,157 
130,877 
109,510 

56,498 
116,842 


152,975 8 
168,586 9 
144,804 11 
140,666 11 
154,353 10 
98,563 12 
112,412 12 
144,828 10 
124,277 12 
72,737 22 
131,420 11 





‘Type A, B1, and B2 fish. Source: Anonymous, 1989: Table 12. 
Type A and B1 fish. Source: USDOC, 1991. 


2) Provide the highest availability of 
bluefish to U.S. fishermen while main- 
taining, within limits, traditional uses of 
bluefish (defined as commercial fishery 
not exceeding 20% of the total catch). 

3) Provide for cooperation among 
the coastal states, the various regional 
marine fishery management councils, 
and Federal agencies involved along 
the coast to enhance the management 
of bluefish throughout its range. 

4) Prevent recruitment overfishing. 

5) Reduce the waste in both the 
commercial and recreational fisheries. 


The biologically driven objectives of 
the FMP do not take into consideration 
any management strategies that could 
be used to limit the consumption of 
bluefish found to contain unacceptable 
concentrations of environmental con- 
taminants in their edible parts. There 
is a particular need to recognize that 
contamination of bluefish from poly- 
chlorinated biphenyls (PCB’s) has been 
widespread over the past two decades 
and, while not a health problem for the 
general public, has been cause for con- 
cern among population groups who 
catch and consume large quantities of 
bluefish. Thus, implicit in the second 
FMP objective listed above and con- 
sistent with the other four objectives is 
a necessary constraint to minimize the 
risk of dietary exposure to PCB’s. 

Public awareness and concern over 
PCB’s in bluefish led to an extensive 
survey of the Atlantic Coast fishery dur- 
ing 1984-86 (NOAA/FDA/EPA, 1986, 
1987). It was found that only large blue- 
fish, defined as >500 mm fork length 
(FL), contained PCB concentrations ex- 
ceeding the Food and Drug Administra- 
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tion (FDA) tolerance level of 2 parts 
per million (ppm). The Federal agen- 
cies involved in the survey concluded 
that individuals who consume fish ob- 
tained from traditional commercial 
sources are adequately protected through 
application of the 2 ppm tolerance. How- 
ever, the interpretive report of the sur- 
vey (NOAA/FDA/EPA, 1987) noted that 
actions might be needed to control the 
PCB intake of persons who frequently 
eat large bluefish, e.g., some recreational 
fishermen and their families. 

The presence of PCB’s in bluefish is 
an important human health issue that 
should be taken into account in any man- 
agement strategy designed to optimize 
yield of this species. The remainder of 
this report will explore alternative har- 
vest strategies which incorporate safe- 
guards for consumers of bluefish. 


Stock Structure 


There are at least two known spawn- 
ing seasons and areas for bluefish along 
the Atlantic coast (Collins and Stender, 
1987; Nyman and Conover, 1988). 
Wilk (1977) and Kendall and Walford 
(1979) reported the existence of spring 
spawners (April and May) in the South 
Atlantic region along the inner edge of 
the Gulf Stream from southern Florida 
to North Carolina and summer spawn- 
ers (June through August) off the cen- 
tral U.S. Atlantic coast (i.e., Cape 
Hatteras to Cape Cod). These conclu- 
sions were based in part on the spatial- 
temporal distribution of larval bluefish 
(Norcross et al., 1974). Wilk (1977) and 
Kendall and Walford (1979) postulated 
that spring spawners, which spawn 
south of Cape Hatteras, produce juve- 
niles which enter estuaries along the 
central U.S. Atlantic coast primarily 
north of the Cape. Juvenile bluefish 
tagged in the summer in Long Island 
Sound have been recaptured in the fall 
in southeastern U.S. coastal waters 
(Lund and Maltezos, 1970). In spite of 
uncertainty concerning stock structure 
of bluefish, fishery managers have as- 
sumed that there is only a single At- 
lantic stock. 


Contaminant Status 


The Federal PCB survey in 1985 
(NOAA/FDA/EPA, 1986, 1987) 
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sampled bluefish from North Carolina 
to Massachusetts stratified by season 
and size. Small fish were defined as 
those <300 mm FL; medium were 301— 
500 mm FL; and large fish were those 
>500 mm FL. No bluefish sampled in 
either the small or medium size cat- 
egory exceeded the FDA tolerance level 
of 2 ppm. However, PCB levels in 
some large fish at every sampling site 
exceeded the tolerance level (NOAA/ 
FDA/EPA, 1987). 

Fishermen in the southeastern United 
States may be exposed to a lower PCB 
risk because of the smaller size of fish 
captured there. Similarly, anglers in 
New England and central U.S. Atlantic 
coastal areas, who traditionally catch 
pan-size fish, would have minimal ex- 
posure. Conversely, anglers who con- 
centrate on large fish in New England 
and along the central U.S. Atlantic coast 
may experience the greatest risk be- 
cause of the size of their catch. Since 
consumption data for recreational an- 
glers are not available, it is impossible 
to quantify the degree of risk to an- 
glers who consume their catch. 


Yield Per Recruit 


Normally, yield-per-recruit (Y/R) 
analyses are used to develop fishing 
strategies to maximize yield in weight 
given various combinations of age at 
first capture (tau), growth, natural mor- 
tality, and fishing rates. However, tra- 
ditional analysis may not be appropri- 
ate for bluefish because fish >500 mm 
FL may contain unacceptable levels of 
PCB’s. Thus, utilization strategies 
should consider the potential impacts 
of PCB’s in bluefish. Simply stated, 
fishing pressure should be conceritrated 
on smaller (safer) fish due to the hu- 
man health risk from PCB’s. Larger fish 
could still be used as trophy fish while 
considerable benefits could also be 
gained by hook-and-release policies for 
larger fish. Hook-and-release strategies 
should be constrained by fishing mor- 
tality induced by this practice. 

As stated, a major issue in fishery 
management is what uegree of fishing 
can be sustained by a resource before 
it experiences recruitment failure. Al- 
though there is a general consensus that 
it is necessary to prevent recruitment 


failure by limiting fishing pressure, 
there is little agreement concerning the 
level of fishing pressure that should be 
employed to achieve that goal. In the 
case of bluefish, Crecco et al. (1987), 
using an equilibrium model, suggested 
that fishing pressure should not exceed 
0.50 or recruitment declines could oc- 
cur. This is supported by Slobodkin’s 
(1973) observation that a 40-60% re- 
duction of stock gives MSY for a wide 
range of values of theoretically as- 
sumed density dependence. Because of 
concern about recruitment overfishing, 
the Y/R analyses included a level of 
fishing pressure of F = M for all 
fishable age groups in order to produce 
a standard yield in which to compare 
alternative yield strategies. It is as- 
sumed that a F = M fishing strategy 
would optimize yield while safeguard- 
ing the reproductive capacity of blue- 
fish (Tyurin, 1969; Mace and 
Sissenwine, 1989). 

In the model presented here, alter- 
native harvest strategies were directed 
toward applying greater fishing pres- 
sure on fish <500 mm FL because fish 
of this size contain relatively smaller 
amounts of PCB’s and are not judged 
to be a human health risk. Conversely, 
fishing pressure was reduced on fish 
>500 mm FL because many of these 
fish have unacceptable levels of PCB’s. 
Fish >500 mm FL are mostly age 5 or 
older although some 4-year-old fish will 
reach 500 mm FL. For this reason, 
fishing pressure in the model was re- 
duced beginning with age-4 fish. Age- 
5 and older fish were judged fully ex- 
posed to PCB’s and were assigned 
whatever the reduced fishing rate was 
for that harvest strategy (Table 2). 


Results 


Yield-per-recruit analyses were run 
by a Ricker Y/R program described by 
Paulik and Bayliff (1967). Input data 
are given in Table 2. The present ver- 
sion of the program was modified by 
the South Carolina Wildlife & Marine 
Resources Department to use on an 
IBM' compatible personal computer. 


'Mention of trade names or commercial firms 
does not imply endorsement by the National Ma- 
rine Fisheries Service, NOAA. 
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Table 2.—Iinput values for Ricker yield-per-recruit bluefish analyses. 





Weight 
at age 
(Pounds) 


Inst. nat. 
mortality 
rates 


Age at 
first 
capture 


Age rates 


Inst. fish 
mortality 


Harvest 
strategy 


Harvest 
strategy 


Harvest 
strategy 
one 


Harvest 
strategy 
four 





0.24 
1.32 
3.11 
5.26 
7.48 


0.20 1.0 

0.25 2.0 
0.30 3.0 
0.35 4.0 
0.40 5.0 
9.57 0.45 6.0 
11.44 0.50 7.0 
13.05 8.0 

14.30 

15.51 

16.41 

17.13 

17.71 

18.17 

18.54 


0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.70 
0.80 
0.90 
1.05 
1.20 
1.40 
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1.0 
1.0 
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Relative harvest levels were com- 
pared for various combinations of tau, 
harvest strategies, and natural and 
fishing mortality rates. If the full fishing 
rate was applied to an age group, it 
was given a multiplier of one. If a par- 
tial fishing rate was applied it was given 
a multiplier of less than one, such as 
0.1, 0.3, or 0.5. The fishing mortality 
rate for any given age group is the prod- 
uct of the fishing rate times the multi- 
plier for that age group. The biomass 
of survivors for the respective fishing 
strategies was also computed. The ini- 
tial number for each cohort was 10,000 
age-| fish (See Table 3 for cohort pa- 
rameters in the absence of fishing). 
Standard yields for combinations of tau 
and instantaneous fishing and natural 
mortality rates are given in Table 4. 
Also given in Table 4 are relative yields 
for F = 2M vs. F = M. Natural mortal- 
ity rates were chosen to include all 
likely estimates of M. 

Because some bluefish >500 mm FL 
contain unacceptable levels of PCB’s, 
it is possible to minimize human healti 


Table 4.—Standard bluefish yields when F = M or 2M and all fishable age 
groups experience equal fishing mortality, but taus vary. 


risks by limiting exploitation of blue- 
fish >500 mm FL (age 4 and older). 
The results of such a strategy were 
evaluated by employing harvest strat- 
egy two (HS 2) in~ which 
4-year-old fish experience 30% of the 
fishing mortality rate exerted on age 
1-3 year-oid fish and fish aged 5 or 
greater sustain 10% of the rate of age 
1-3 fish. Results in relative yields are 
given in Table 5. The first row of each 
set of computations gives the standard 
yield when F = M. The second row 
gives the yield corresponding to an in- 
stantaneous total mortality rate of Z = 
0.70 , 1.e., the “best” estimate of Z for 
bluefish at this time (Anonymous, 
1989). The highest yield is shown in 
row three followed by a strategy that 
would produce about 90% of the stan- 
dard yield (row 4). 


Sich 





Table 3.—Population p s for bi cohorts 
in the absence of fishing given diff i 


rates of natural mortality. 








Insta 
natural 
mortality 
rate 


Mean Mean 
Total age weight 
cohort for of 
number cohort individuals 


Cohort 
biomass 
(Pounds) 





0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 


383,477 
260,482 
186,528 
139,129 
107,181 

84,761 

68,505 


55,030 
45,183 
38,578 
33,862 
30,332 
27,596 
25,415 


5.44 
4.50 
3.85 
3.39 
3.03 
2.76 
2.54 


6.97 
5.77 
4.84 
4.11 
3.53 
3.07 
2.70 





Harvest strategy three (HS 3) reflects 
the case when full fishing pressure is 
exerted on 1-3 year old fish while all 
fish 4 years or older experience 30% 
of the full fishing pressure. Table 5 
shows that when Z = 0.70, relative 
yields increase by 16-34% as fishing 
pressure increases. 

Tables 6 and Figure | illustrate the 
impact of tau on yield. Most impor- 
tant, the level of fishing pressure that 
is required to maximize yield is directly 
related to tau. This is particularly true 
when tau is increased from one to two. 
For example, when tau = | and M = 
0.20, the use of HS 2 results in a rela- 
tive yield of 0.47; whereas, when tau = 
2, the relative yield is increased 45% 
to 0.68. However, the increase in yield 
requires a doubling of the fishing rate 
which illustrates clearly the tradeoff 
between fishing rate and tau. 

Relative yields are also influenced 
greatly by the harvest strategy (Table 
6). However, differences in relative 


Table 5.—Comparison of yields between harvest strategy one (standard) 
and harvest strategies two and four. 





Inst. 
fishing 


Inst 
natural 


rate rate 


Age at 
first 
mortality mortality capture 


Relative 
first yield 
capture HS’ 
(Tau) 4 


Relative Inst 
yield fishing 
HS' mortality 


2 rate 


Age at 





0.20 
0.20 
0.20 
0.20 


0.25 
0.25 


0.20 
0.50 
1.40 
1.05 


0.25 
0.45 





Standard 
yield 
(Pounds) 
F=M 


Inst Inst. 
natural fishing 
mortality mortality 
rate rate 


Age at 
first 
capture 
(Tau) 


(Pounds) 


0.25 
0.25 


0.30 
0.30 


1.40 
0.90 


0.30 
0.40 


Yield 
when 
F=2M 


Relative 
yield 
F=2M 
vs. F=M 





0.20 
0.20 
0.20 
0.25 
0.25 
0.30 
0.30 
0.35 
0.35 
0.40 
0.40 


0.20 
0.20 
0.20 
0.25 
0.25 
0.30 
0.30 
0.35 
0.35 
0.40 
0.40 


26,349 
26,021 
24,092 
21,447 
19,824 
17,910 
16,631 
15,161 
14,216 
12,990 
12,350 


MWNHWNWONWNA & 


0.30 
0.30 


0.35 
0.35 
0.35 
0.35 


0.40 
0.40 
0.40 
0.40 


1.40 
0.90 


0.35 
0.35 
1.40 
0.90 


0.40 
0.30 
1.40 
0.90 


31,518 
29,167 
24,507 
23,993 
19,983 
20,234 
16,849 
17,394 
14,577 
15,175 


1.20 
1.12 
1.02 
1.12 
1.01 
1.13 
1.01 
1.15 
1.03 
1.17 


Standard (26,349) 
0.67 


0.50 
1.40 
1.40 


0.90 
1.22 
1.04 


0.97 
0.90 


Standard (21,447) 

0.45 
1.40 
1.40 


0.88 
1.15 
1.10 


1.03 
0.89 


Standard (17,910) 

0.40 
1.40 
0.60 


0.76 
1.14 
0.91 


1.07 
0.90 


Standard (15,161) 

0.60 0.35 
1.40 
0.60 


0.71 
1.17 
0.89 


1.11 
0.91 


Standard (12,990) 

0.30 
1.40 
0.70 


0.65 
1.20 
0.89 


1.14 
0.92 





12,870 1.04 
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HS = harvest strategy 





Table 6.—Comparison of yields among harvest strate- 
gies two, three, and four. 





Inst. Inst. Age at 
natural fishing first 
mortality mortality capture 
rate rate (Tau) 


Harvest 
strategy 


Relative 
yield 





0.20 0.45 
0.20 0.35 
0.20 0.30 


0.25 0.50 
0.25 0.40 
0.25 0.35 


0.30 0.55 
0.30 0.45 
0.30 0.35 


0.55 
0.45 
0.40 


0.60 
0.45 
0.45 


0.90 
0.55 
0.45 


1.20 
0.70 
0.50 


1.40 
0.90 
0.60 


1.40 
1.40 
0.80 


1.40 
1.40 
1.40 


1.40 
1.40 
1.40 


1.40 
1.40 
1.40 


1.40 
1.40 
1.40 


1.40 
1.40 
1.40 
1.40 


1.40 
1.40 


0.47 
0.58 
0.66 


0.50 
0.59 
0.66 


0.53 
0.60 
0.67 


0.56 
0.62 
0.68 


0.59 
0.64 
0.69 


0.68 
0.77 
0.84 


0.74 
0.80 
0.86 


0.81 
0.84 
0.88 


0.88 
0.89 
0.91 


0.94 
0.96 
0.97 
0.97 
1.04 
1.05 


1.03 
1.10 
4.12 


1.07 
1.14 
VAT 


1:41 
1.17 
1.21 
1.14 


1.20 
1.24 


PWM PWM PWM FWNHY FWNM FWOM FWNHY FWNM FWNM FWNHY FWNM FWNMY FWNHY FWNDMY LWP 
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Table 7.—Partial summary of parameter ranges asso- 
ciated with harvest strategies two, three, and four. 





Instant. Inst 
natural 
mortality 
range 


Age at 
fishing first 

mortality Harvest capture 
range strategy (Tau) 


Relative 
yield 
range 





0.20-0.35 
0.20-0.35 
0.20-0.35 
0.20-0.35 


0.45-0.55 
0.90—1.40 
0.90—1.05 
1.40-1.40 


0.47-0.56 
0.68-0.88 
0.90-0.91 
0.97-1.11 


0.20-0.35 
0.20-0.35 
0.20-0.35 
0.20-0.35 


0.35-0.45 
0.55-0.80 
0.50-0.70 
1.40-1.40 


0.58-0.62 
0.77-0.87 
0.90-0.94 
1.04-1.17 


0.20-0.35 
0.20-0.35 
0.20-0.35 
0.20-0.35 


0.30-0.40 
0.45-0.80 
0.30-0.45 
1.40-1.40 


0.66-0.68 
0.84-0.91 
0.89-0.91 
1.05-1.21 





yields among strategies decrease as M 
increases. For example, when tau =1 
and M = 0.20, the difference in yield 
between HS 2 and HS 4 is 40% but 








Yield in pounds (1,000’s) 














Fishing mortality rates 








Figure 1.—Effect on yield by varying tau when M = 0.25 
and harvest strategy three was used (yield in thousands of 


pounds). 


when tau = 3 and M = 0.35 the differ- 
ence is only 9%. The reader should note 
that F also varies considerably in these 
comparisons. However, only maximum 
yields for tau and F combinations are 
compared in Table 6; thus, one should 
not expect F to remain constant. 

Some of the harvest results are sum- 
marized in Table 7 to emphasize man- 
agement options that have the twin ob- 
jectives of safeguarding recruitment 
potential while reduciiig risks inherent 
in consumption of larger bluefish. The 
following general conditions are evident: 


1) Relative yield increases from 3 
to 40% when going from HS 2 to HS 
6, depending upon tau. 

2) Relative yield increases approxi- 
mately 25-100% when tau increases 
from one to three (Fig. 1). 

3) For HS 3 and HS 4, a range of 
77-91% of the standard yield is ob- 
tained when tau = 2 and the starting 
fishing rate varies between 0.45 and 
0.80. 

4) For HS 3 and HS 4, a range of 
89-94% of the standard yield is ob- 
tained when tau = 3 and the starting 
fishing rate varies between 0.30 and 
0.70. 


Relative yields and quantity of sur- 
viving biomass for different manage- 


ment strategies are presented in Table 
8. It should be noted that there is a 
standard yield for both tau = 2 and tau 
= 3. This was done because the yield 
when tau = 2 is always less than when 
tau = 3 given the harvest strategies il- 
lustrated in Table 2. 

The most prominent result shown in 
Table 8 is that when F initially equals 
or exceeds twice the values of M and 
tau = 2, the fraction of original bio- 
mass remaining is always less than 
0.25, which may lead to recruitment 
failure. However, relative yields in 
these cases are comparable to other 
strategies. It is apparent that, under 
steady state conditions, initial harvests 
by themselves are not good indicators 
of stock condition because catches are 
based on past recruitment and fishing 
effort. In contrast, future stock abun- 
dance may be dependent almost entirely 
upon recruitment, which can be derived 
only from adequate spawning biomass, 
i.e., the complement of yieid. 


Discussion 


Major objectives of the bluefish FMP 
include reduction of waste and preven- 
tion of recruitment failure. As noted 
previously, larger bluefish are more 
likely to contain PCB’s. Because larger 
females spawn more frequently and 
contribute substantially more eggs than 
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Table 8.—Alternative yield strategies to optimize physical yield while maintaining adequate spawning biomass. 





Fraction 

of virgin 

biomass 
remaining Tau 


Yield 
type 


Yield 
Relative in 
biomass pounds 


Harvest 
strategy 


Relative 
yield 





0.48 
0.41 
0.34 
0.41 
0.43 
0.33 
0.37 
0.43 
0.23 
0.21 
0.22 


>Prrrrrrrnnn 
NNNWWONNWNWE 


0.42 
0.34 
0.43 
0.46 
0.37 
0.39 
0.44 


>Prrrrrrnn YrHrPrrrrrrnn 
NNNWWNHNWNW 


NWWWNNWNHW 


0.34 
0.60 


0.35 
0.35 
0.35 
0.35 
0.35 
0.35 
0.35 
0.35 


0.35 
0.40 


0.49 
0.47 
0.48 
0.20 


0.60 
0.60 
0.45 
0.80 


Ss 
S 
A 
A 
A 
A 
A 
A 
A 


NWWWNHNWANW 


1.00 26,349 
1.00 26,021 
1.00 24,092 
1.01 21,204 
1.26 16,064 
0.98 17,807 
0.90 23,688 
1.05 23,556 
0.69 18,973 
0.62 20,323 
0.64 22,231 


1.00 
1.00 
1.00 
0.81 
0.67 
0.74 
0.91 
0.91 
0.79 
0.84 
0.92 


PWNFWNNN - + = 


1.00 
1.00 
1.03 
1.38 
1.10 
0.94 
1.07 
0.61 
0.56 
0.69 


21,447 
19,824 
17,682 
13,116 
14,745 
19,442 
19,333 
16,585 
17,229 
18,450 


1.00 
1.00 
0.82 
0.66 
0.74 
0.91 
0.90 
0.84 
0.87 


PWNFWNNN — — 


1.00 
1.00 
1.30 
1.43 
1.15 
1.04 
0.97 
1.07 
0.67 


17,910 
16,631 
12,213 
10,923 
12,431 
15,042 
16,310 
16,160 
15,761 


-FPWNHNMNND - — 


1.00 
1.00 
1.33 
1.47 
1.24 
1.09 
1.03 
1.07 
0.59 


15,161 
14,216 

9,997 

9,246 
10,632 
12,512 
13,480 
13,727 
13,818 


1.00 
0.66 
0.65 
0.75 
0.83 
0.89 
0.91 
0.91 


-PWNNMNN - = 





do smaller females, they appear to have 
more reproductive value than smaller 
spawners. Thus, the dual objectives of 
reducing waste and minimizing the pos- 
sibility of recruitment failure may be 
achieved by partitioning F among age 
groups as demonstrated by the Y/R 
analyses. It should be noted that over- 
all F in the Y/R analyses was com- 
pared to an F = M strategy as repre- 
sented by the standard yield. The 
analyses showed that fishing pressure 
should be kept minimal on 1-year-old 
and 5-year-old and older bluefish to ob- 
tain an acceptable yield while at the 
same time minimizing the capture and 
consumption of bluefish likely to 
present a human health risk. Further, if 
the resource were to decline rapidly in 
an unexpected manner, fishing pressure 
should be lessened on 2-year-old fish. 
Present bluefish management mea- 
sures do not address the PCB problem. 
Yet, PCB’s are legally classified as un- 
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avoidable environmental contaminants 
for which there is a temporary toler- 
ance of 2 ppm in the edible portions of 
fish and shellfish. Consequently, pub- 
lic health agencies have the authority 
to restrict or close a fishery, including 
the bluefish fishery, based on the con- 
centrations of PCB’s found in fish 
samples. Recreational fishermen and 
their families who regularly consume 
large quantities of large bluefish, may 
be exposing themselves needlessly to 
PCB residues. If fishery managers con- 
tinue to ignore the PCB problem, pub- 
lic health agencies may be forced to 
act by default. Their most likely action 
would be to close the fishery and pro- 
hibit the sale of larger bluefish. Both 
courses of action would cause substan- 
tial economic dislocation, especially for 
the recreational for-hire sector (charter 
and headboats). The alternative yield 
strategies described earlier would pro- 
vide managers with an opportunity to 


minimize dietary exposure to PCB’s 
without closing the fishery or decreas- 
ing the pleasure of the sport. 

Given the complex nature of fishery 
management decisions, it is unlikely 
that an optimal fishing strategy, such 
as harvest strategy three, could be 
implemented immediately. Rather, a 
partial implementation strategy, such as 
harvest strategy four, may be more ac- 
ceptable. The advantage of such a 
course of action would be to change 
gradually, but with deliberate speed, the 
present conduct of the fishery and to 
obtain empirical evidence of the results 
of such a policy. 


Recommendations and 
Research Needs 


The following recommendations and 
research studies are suggested: 


1) Implement a management pro- 
gram based either on harvest strategy 
three or four to minimize the capture 
of larger bluefish. 

2) Implement a minimum size limit 
for bluefish to minimize the catch of 
1- and possibly 2-year-old fish. 

3) Maintain an appropriate commer- 
cial quota. 

4) Implement a bag limit that 
a) constrains F less than M and b) en- 
courages anglers to retain only smaller 
fish by assigning points to different size 
fish as is done in some states for wa- 
terfowl (Nelson and Low, 1977). For 
instance, in a 100-point system fish 
>500 mm FL could be assigned a value 
of 50 points; whereas, fish <500 mm 
FL could have a value of 10 points. In 
this scenario the angler can vary the 
size and number of fish caught, pro- 
vided that the sum of the catch does 
not exceed 100 points. 

5) Institute a statistical and moni- 
toring program that will enable man- 
agers to track the bluefish resource and 
evaluate the impacts of management 
measures. 


The above program would permit 
managers to safeguard the reproduc- 
tive stability of bluefish while mini- 
mizing any potential health risk asso- 
ciated with consumption of bluefish 
contaminated with PCB’s. Management 
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measures can be refined and improved 
while additional research is undertaken 
to improve our understanding of blue- 
fish contamination and dynamics. 

Because it is uncertain if bluefish 
found south of Cape Hatteras belong 
to the stock of bluefish north of Cape 
Hatteras, it is important that PCB data 
be collected for bluefish in the south- 
eastern United States and Gulf of 
Mexico using the sampling procedures 
employed in the 1984-86 survey. Some 
sampling should also be carried out 
north of Cape Hatteras because the ear- 
lier PCB data are becoming outdated. 
Further, to assess the health risk to rec- 
reational fishermen, it is recommended 
that a survey be conducted to obtain 
detailed consumption data for bluefish 
as well as other species that are impor- 
tant to recreational and commercial 
fishing interests. 
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Status, Constraints, and Opportunities for Salmon Culture 
in the United States: A Review 


JAMES L. ANDERSON and SOFIA U. BETTENCOURT 


Introduction 


One might expect that the United 
States would be a leader in the produc- 
tion of farmed salmon since much of 
the technology for raising salmon was 
developed many decades ago in North 
America (Bardach et al., 1972). This, 
however, is not the case. Although the 
United States has open net-pen farms 
and ocean ranching operations for sev- 
eral salmonids including Atlantic 
salmon, Salmo salar; coho salmon, 
Oncorhynchus kisutch; chinook salmon, 
O. tshawytscha; and rainbow trout, O. 
mykiss, production in 1988 and 1989 
was on the order of 2—3% of the total 
world farmed production (FAO, 1989; 
WSDF, 1989-91; Bettencourt and 
Anderson, 1990). Some of the reasons 
for this low contribution of U.S. pro- 


James L. Anderson is with the Department of 
Resource Economics, University of Rhode Is- 
land, Kingston, RI 02881. Sofia U. Bettencourt 
is with The World Bank, Washington, D.C. The 
views or opinions expressed or implied are those 
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the National Marine Fisheries Service, NOAA. 





ABSTRACT—This paper reviews and 
analyzes the major factors constraining the 
development of salmon culture in the United 
States. A brief review of economic factors 
in the seafood sector contributing to the 
industry's recent growth is offered, and the 
present status of the major producing re- 
gions is summarized. The major constraints, 
which include marketing problems, policy 
and regulatory constraints, production 
costs, disease, financing, and environmen- 
tal uncertainty, are discussed, followed by 
recommendations for improving the in- 
dustry’s development. 
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duction will be addressed in this 
paper. 

Throughout the 1980’s, the salmon 
culture industry has attracted consider- 
able interest from potential investors, 
governments, and entrepreneurs world- 
wide. Through 1991, production was 
still expanding in many countries such 
as Norway, Scotland, Ireland, Faroe Is- 
lands, Chile, Canada, Japan, and the 
United States. More recently, produc- 
tion in Norway, Scotland, and Ireland 
has begun to decline or level off. To 
understand some of the economic fac- 
tors which have stimulated this 
industry’s rapid growth, it is valuable 
to consider first the fundamental trends 
in the seafood sector which helped 
create much optimism about salmon 
culture. 

United States seafood consumption 
increased by 24% from 1980 to 1990 
(from 12.5 pounds per capita to 15.5 


pounds per capita) (USDC, 1991)'. This 
occurred despite the fact that the con- 
sumer price index (CPI) for fish in- 
creased 68% during that period, while 
the CPI for all food increased 52% 
(USDA, 1992; PCEA, 1990; Fig. 1). 
Thus, fish prices increased nearly 30% 
faster than other food products, indi- 
cating an expansion in seafood demand. 
Among the factors that may have con- 
tributed to this increase are: 1) A shift 
in consumption away from red meat 
and toward white meat and fish, moti- 
vated by health concerns; 2) the aging 
of the U.S. population’; and 3) the 
‘It should be noted, however, that the rate of 
increase for consumption of products such as 
poultry has exceeded the growth in seafood 
consumption. 

7A household survey conducted in 1989 in ma- 
jor U.S. metropolitan areas revealed that the high- 
est proportion of seafood consumers was among 
respondents over 60 years of age, followed by 
the 30-39 and the 40-49 year groups (Egan and 
Gislason, 1989). 
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Figure 1.—U.S. consumer price index for fish and all food 
products and per capita consumption of seafood. Sources for 
CPI Fish (1970-79): Putnam (1989), USDA (1992). CPI Food: 
PCEA (1991). Per Capita Consumption: USDC (1991). 





gradual increase in the proportion of 
certain ethnic groups, such as Asians, 
which traditionally consume large 
amounts of seafood (USDA, 1990). 

The high U.S. dependence on im- 
ports of fishery products is another fac- 
tor which has stimulated the develop- 
ment of U.S. salmon culture (Fig. 2). 
Over the past 10 years, fishery product 
imports have been in the range of 50% 
of total supply (in round weight terms), 
but have dropped recently to the low- 
est level in more than a decade to 
41.7% in 1990° (USDC, 1991). In 
1990, imports of fishery products 
amounted to over $9 billion, of which 
edible fishery products comprised $5.2 
billion and nonedible products about 
$3.8 billion (USDC, 1990; Fig. 3)’. 

With large import levels of fishery 
products and the increasing demand for 
seafood that prevailed during the 1980’s 
(especially during 1985-88), hopes 
were raised that the emerging U.S. 
salmon culture industry would find a 
profitable presence in the market to 
meet demand and to reduce imports. 
Until recent years, the profitability of 
farmed salmon sold in the U.S. market 
had been positive for many producers, 
especially those from Norway, rais- 
ing expectations for prospective U.S. 
farmers. 

The world supply of farmed salmon 
increased at an exponential rate (Fig. 
4), from an insignificant level in 1980 
to an estimated production of 279,000 
metric tons (t) in 1990, a 27.5% in- 
crease over the 1989 level of 218,800 t 
(FAO, 1989). Continued growth is ex- 
pected for the near future, although at 
a slower rate (Talley, 1991). For excel- 
lent reviews of salmon aquaculture on 
a country by country basis, readers 
should refer to McFeeters (1991) and 
OIA, 1992. 

Most of the farmed production con- 
sists of Atlantic salmon, with the ma- 
jority produced in Norway. It is star- 
tling to consider the contribution of 


‘This includes edible and industrial commercial 
fishery products. 

‘Note that the U.S. Department of Commerce 
classifies some imports which are ultimately used 
in the food system, such as live trout, kelp, vita- 
mins, fish oils, and other products along these 
lines, as nonedible fishery products. 
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Figure 2.—U.S. supply of edible and industrial fishery 
products (share of imports, 1970-90). Source: USDC 
(1971-91). 
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Figure 3.—Total U.S. fishery imports edible and 
nonedible products, 1970-90. Source: USDC (1971- 
91). 
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Figure 4.—World supply of farmed Atlantic and Pacific 
salmon. Sources: McFeeters (1991); FAO (1992); OIA 
(1992). Live weight for 1991 was estimated. 
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farmed salmon to the total world sup- 
ply, traditionally dominated by wild- 
caught Pacific salmon species. From a 
negligible contribution in 1980, farmed 
supplies rose to over 10% of world pro- 
duction in 1986, attaining a share of 
nearly 29% in 1990 (ASMI, 1991). The 
share of farmed salmon products is ex- 
pected to increase, but at a decreasing 
rate, in the future. It is unlikely that 
wild harvest will increase substantially, 
and although production in Norway and 
Scotland will likely decline in 1993, 
total aquacuiture production should in- 
crease somewiiat. 

Much of the fresh salmon consumed 
in the United States is imported, despite 
the fact that the United States is the larg- 
est producer of salmon in the world, 
contributing, in 1989, about 48% 
(357,000 t) of the total world supply of 
wild-caught salmon (USDC, 1990). This 
is essentially because U.S. wild salmon 
are caught during a limited season (pri- 
marily summer), and thus are not avail- 
able year-round in a fresh form. In fact, 
imported fresh salmon, available year 
round, has largely displaced much of 
the wild, U.S.-caught salmon from mar- 
kets in the U.S. northeast. 

Until 1989, Norway was the domi- 
nant supplier of fresh salmon to the 
United States, followed by Canada, 
Chile, and the United Kingdom (Fig. 
5). (Note: Prior to harmonization, 2/ 
89, imports were not broken down by 
species.) Before 1989, most fresh im- 
ports were farmed coho, chinook, and 
Atlantic salmon. However, some sock- 
eye and pink salmon may be included 
in imports from Canada. In 1989, 
Canada displaced Norway as the lead- 
ing supplier to the United States. Up 
until 1989, virtually all of the U.S. im- 
ports of fresh salmon were from farmed 
sources. In 1989, as much as 38% of 
the fresh Canadian salmon exported 
into the United States was wild caught. 
This increase in imports of whole, 
fresh, wild-caught salmon from Canada 
was largely a consequence of the liber- 
alization of trade between the United 
States and Canada. In terms of farmed 
fresh whole salmon, Canadian imports 
into the United States of 11,470 t, were 
approximately equal to Norwegian im- 
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Figure 5.—Monthly U.S. imports of 
fresh and chilled Atlantic, coho, and 
chinook salmon, January 1985—Decem- 
ber 1991. Source: USDC data. 


ports of 11,509 t (Kenney’). By the end 
of 1990, Norwegian exports to the 
United States had decreased signifi- 
cantly, having been replaced largely by 
exports from Chile and Canada. Nor- 
way was essentially out of the U.S. 
market by 1991. This was largely a con- 
sequence of the Norwegian exporters’ 
reaction to the countervailing duty and 
anti-dumping case brought against them 
in February of 1990 by the Coalition 
for Fair Atlantic Salmon Trade (as dis- 
cussed later) (USITC, 1991). 


U.S. Salmon Farming 


Significant amounts of Atlantic, 
coho, and chinook salmon, and rain- 
bow trout are raised in ocean net-pen 
systems in the Pacific Northwest (pri- 
marily Washington), whereas only At- 
lantic salmon and rainbow trout are 
raised in significant quantities in the 
Northeast (primarily Maine). Besides 
commercial enterprises, there are 
aquaculture programs in the form of 
public enhancement of salmon stocks 
(also known as salmon ranching) in the 


‘Kenney, A. 1991. British Columbia Salmon 
Farmers Assoc. Personal commun., April. 


states of California, Oregon, Idaho, 
Washington, Alaska, and the Great 
Lakes states. There are also restoration 
programs for Atlantic salmon in New 
England, as well as private non- 
profit salmon hatchery operations in 
Alaska oriented towards fisheries 
enhancement. 

The principal U.S. commercial 
salmon farming activities involve pen- 
raised salmon in Washington and 
Maine. A land-based system also ex- 
ists in Hawaii, which pumps cool ocean 
water inland to provide the proper tem- 
perature for salmon rearing. There is 
also some limited private salmon cul- 
ture in California and Idaho (mostly 
rainbow [steelhead] trout and pan-sized 
coho). During the 1980's, there were a 
few private ocean ranching operations 
in Oregon, however, none are currently 
operating. There are also a few small 
operations (primarily hatcheries) based 
in the northeastern states, and one pri- 
vate (freshwater) chinook pen-opera- 
tion in a quarry in Minnesota (ASMI, 
1991; Chew and Toba, 1991; Horrex, 
1991). There are some trout operations 
involved to a very limited degree with 
freshwater rearing of salmon in other 





Table 1.—Status of the salmon farming industry in 
Washington (1989). 





Production (t) 





Item ; 1989' 





Production level 2,306 


Atlantic salmon 912 1,103 650 
Pacific salmon? 1,647 1,005 706 
Coho 1,647 612 205 
Chinook 0.02 393 501 


Trout® 159 198 169 
Rainbow trout 159 198 170 
Other trout 0.03 0 0.01 





‘Washington Department of Fisheries. 1989-1991. Fisher- 
ies Statistical Report. Washington Department of Fisher- 
ies, Olympia, Washington. This includes only market-sized 
fish. 

?Includes coho and chinook salmon. 

‘Includes all trout. 


states as well. In addition, a proposal 
is under consideration to install a pen 
culture facility 27 miles off the coast 
of Massachusetts, which, if feasible, 
would be one of the largest of its kind 
in the world (Bettencourt and Ander- 
son, 1990). The prospects for commer- 
cial salmon culture development in 
Alaska have been curbed by the per- 
manent moratorium passed by the 
state legislature in 1990 on private, 
profit-oriented, pen-raised salmonid 
culture (Paintei, 1990). The mora- 
torium was strongly supported by the 
fishing industry which was concerned 
with both the environmental and eco- 
nomic implications of aquaculture 
development. ; 

The main characteristics of the two 
primary pen-culture production areas, 
Washington and Maine, are depicted 
in Tables 1 and 2. In Washington 
(Table 1), salmon farming is concen- 
trated in Puget Sound, where it started 
in 1969 with experiments conducted by 
the National Marine Fisheries Service 
(NMBS), followed by experiments with 
coho and chinook pen culture carried 
out by Ocean Systems, Inc.® (which 
later became Domsea, Inc.) (Weston, 
1986; Sylvia, 1989). Commercial sales 
of farmed salmon are believed to have 
started in 1971 (Sylvia, 1989). Follow- 
ing a period of slow expansion during 
the 1970’s (production estimated at 


°Mention of trade names or commercial firms 
does not imply endorsement by the National 
Marine Fisheries Service, NOAA. 
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Table 2.—Status of the northeastern U.S. salmon farm- 
ing industry (1989), with 15 operational firms'. Source: 
Bettencourt and Anderson (1990). 





Item No. or amt. 





Direct employment in the industry 
Full-time 
Part-Time 


Total number of hatcheries? 
Operational hatcheries® 
In Maine 
In New Hampshire* 


Total number of commercial leases issued*® 
In Maine 
In Massachusetts® 


Total number of leased grow-out sites’ 
Operational sites® 18 


Total number of pens installed® 355 
Production level (1988-89)'° 


Atlantic salmon 
Rainbow trout 


605 t 
400t 
205t 


Production level (1989-90)"' 
Atlantic salmon 
Rainbow trout 


1,540t 
1,420t 
120t 


Production level (1990-91)'? 
Atlantic salmon 
Rainbow trout 


4,530 t 
4,530 t 
180t 





‘Companies operating commercial salmonid pen maricul- 
ture operations, or hatcheries fully linked with the salmonid 
pen culture industry as of summer 1989. 

Includes only commercial operations exclusively or pri- 
marily serving the pen-culture industry. 

Hatcheries that had live fish in the water as of summer 
1989. 

‘Includes an egg-incubating facility and a parr-smolt facil- 
ity. 

5Commercial leases granted by the Maine Department of 
Marine Resources or equivalent state permits. 

®This permit was under appeal as of fall 1989. Permits for 
an additional offshore operation were being considered. 
’The number of grow-out sites is smaller than the number 
of leases because several leases issued pertain to adja- 
cent tracts of water, considered as a single production 
site. 

®Defined as a production site with fish (smolts or adults) in 
the water as of summer 1989. 

Estimated. 

‘Producers’ estimates as of summer 1989; pertains to 
1988-89 production year. 

"Estimate based on producers’ forecasts made as of sum- 
mer 1989; pertains to 1989-90 production year. 

'?Estimate based on producers’ forecasts made as of sum- 
mer 1989; pertains to 1990-91 production year. 


179 t in 1976 and 391 t in 1980), out- 
put grew to about 1,305 t in 1986 and 
2,718 t in 1988 (Washington Depart- 
ment of Fisheries, 1989-1991). Since 
1988, production has been declining. 
An estimated 1,525 t (2,306 t in 1989) 
of market-sized fish were produced in 
1990, consisting roughly of 650 t 
(1103 t in 1989) cf Atlantic salmon, 
205 t (612 t in 1989) of coho, 501 t 
(393 t in 1989) of chinook salmon, and 
169 t (198 t in 1989) of rainbow trout.’ 
Washington production has been shift- 


’Washington State Department of Fisheries 
(WSDF, 1990 and 1991). 


ing away from coho and towards 
chinook and Atlantic salmon, which, 
respectively, accounted for 33 and 43% 
of the total production of market-sized 
salmonids in 1990. 

The number of salmon farming op- 
erations in Washington has expanded 
slowly, curbed by regulatory and po- 
litical constraints. As of 1986 there 
were 9 commercial grow-out sites in 
Puget Sound, in addition to several re- 
search and public operations*; as of 
1990, a total of 13 sites were opera- 
tional, and another 16 sites were in the 
process of obtaining legal permits 
(Pitts’). Among the major constraints 
faced by the industry were regulatory 
barriers based on concerns about the 
environmental impact of the pen sites 
and political opposition coming espe- 
cially from commercial fishermen and 
nearby landowners concerned with the 
loss of aesthetic value of waterfront 
property (Sylvia, 1989). 

On the U.S. east coast, commercial 
salmonid farming started in the early 
1970’s with a few private operations 
which raised coho salmon and rainbow 
trout. Problems with extreme tempera- 
ture variation, lack of infrastructural 
support, and marketing and financial 
constraints contributed to the failure of 
these early operations. The industry re- 
surfaced in the mid-1980’s in the 
Cobscook Bay region (northeastern 
Maine) led by Ocean Products, Inc., 
benefiting from excellent environmen- 
tal conditions and from the close geo- 
graphical proximity with the fast-grow- 
ing New Brunswick salmon farming 
industry. 

The status of salmon farming in the 
U.S. northeast in 1989 is summarized 
in Table 2. As of that summer, there 
were a total of 15 aquaculture firms in 
the region operating 18 marine grow- 
out sites (all in Maine’s inshore wa- 
ters) and 9 hatcheries (2 in New Hamp- 
shire and 7 in Maine)'’. A total of 37 


‘In addition to these, another 13 facilities were 
operated by Native tribes and sportsmen’s groups 
for stock enhancement (Weston, 1986). 

*Pitts, J. 1990. State of Washington, Department 
of Agriculture. Personal commun., October. 
This number does not include hatcheries that 
supply smolts to the grow-out sites on a spo- 
radic basis only. 
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leases for marine salmonid pen-culture 
had been issued in the region, includ- 
ing one in Massachusetts and 36 in 
Maine. In this same time period, 
roughly 355 net-pens were installed, 
and direct industry employment at the 
hatcheries and grow-out sites was esti- 
mated at about 220, with additional 
part-time employment estimated at 
around 70. Based on farmers’ projec- 
tions, the estimated production for 
1988-89 (most harvest occurs from 
November through March) was 605 t 
of market-sized fish, including 400 t of 
Atlantic salmon and 205 t of rainbow 
trout; for 1989-90, the estimated pro- 
duction was 1,540 t of market-sized 
fish, including 1,420 t of Atlantic 
salmon and about 120 t of rainbow 
trout. Based on the number of smolts 
stocked at sea in 1989-90 (close to 2 
million sea-run Atlantic salmon smolts), 
and farmers’ and processors’ estimates, 
in 1990-91 the region should have pro- 
duced about 4,530 t of pen-raised sal- 
monids, including 4,350 t of Atlantic 
salmon and 180 t of rainbow trout. 
These estimates compare favorably 
with calendar year estimates from the 
Division of Marine Resources in Maine 
(Churchill, 1992) which indicate 905 t 
in 1989, 208 t in 1990, and 4,715 t in 
1991. The large growth in production 
between 1989-90 and 1990-91 is due, 
for most part, to the first-time harvest 
of several new firms which began op- 
erating in 1987 (Bettencourt and Ander- 
son, 1990). Based on industry projec- 
tions of hatchery capacity, site capacity, 
and expansion plans, the production of 
Atlantic salmon in Maine has the ca- 
pacity to increase to a level of 12- 
15,000 t by 1995. Other expected ad- 
vancements in the region are the 
development of the culture of Arctic 
char and nonsalmonids (Bettencourt 
and Anderson, 1990). 


Primary Constraints on 
U.S. Salmon Culture 


At this point the reader may be led 
to believe that the outlook for the 
United States salmon industry is posi- 
tive. However, global competition, re- 
cent stability in seafood consumption 
per capita, poor marketing, the regula- 
tory environment, cost uncertainties, 
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disease, environmental constraints, 
financing, and recent general economic 
conditions have made development of 
the salmon farming industry difficult. 
Relatively slow development of the 
U.S. industry, in contrast to increases 
in worldwide production, has caused 
the price of fresh salmon to drop con- 
siderably, especially from mid-1988 
through early 1990 when many U.S. 
producers were just getting started. 
Nominal prices of Norwegian salmon 
sold in the United States dropped from 
highs of nearly $5.50/pound in 1987 to 
lows of around $3.00/pound in 1990 
(UBSPC, 1985-90). In real terms, the 
price decline was even more severe 
(Fig. 6). Wholesale prices for farmed 
Atlantic salmon of approximately 
$3.00/pound, and under $3.00/pound 
for farmed chinook salmon, are a cause 
for concern, since current estimated 
baseline production costs range be- 
tween $2.10 to $3.00/pound for Atlan- 
tic salmon in Maine'' and are about 
$2.40/pound for chinook salmon culti- 
vated in British Columbia (Bettencourt 
and Anderson, 1990; BCMAF, 1990). 
In addition to foreign competition 
and rapid increase in supply, market- 
ing is another major problem facing 
the United States salmon industry. Most 


''Most production cost estimates are on the high 
side of the range (Bettencourt and Anderson, 
1990). 


farmed salmon has been sold as whole, 
fresh, premium product primarily to the 
“white tablecloth” restaurant segment 
and to specialty seafood retail outlets. 
The common viewpoint is that the pres- 
ence of salmon in the “white table- 
cloth” restaurant market segment is 
relatively established and there is a 
need to expand the market of farmed 
salmon to the mid-price range restau- 
rant and supermarket segments. To pen- 
etrate these segments to a significant 
degree, either price needs to remain 
relatively low (at least for the super- 
market segment) or new products need 
to be developed which meet the con- 
venience needs of the chefs in the mod- 
erately priced restaurants, as well as 
those of both the managers of the re- 
tail outlets and the consumers. Neither 
private nor cooperative marketing ef- 
forts within North America have been 
developed much beyond price-oriented 
commodity marketing. 

Through personal interviews con- 
ducted with salmon farmers in Maine 
in 1989, industry respondents indicated 
that regulatory constraints were the 
dominant factors restricting the devel- 
opment of aquaculture throughout most 
of the 1980’s. The bureaucratic pro- 
cess was described as unwieldy, includ- 
ing multiple regulatory agencies at both 
the Federal and state levels. In 1989, 
an average of ten different permits were 
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Figure 6.—Real price variation of fresh Norwegian 
and U.S./Canadian Atlantic salmon (nominal prices 
adjusted by CPI (1982-84=100). Mid-Atlantic, sales 
by first receivers—fresh, farmed, whole, head-on. 
Source: Prices from UBSPC (1985-90); CPI from 
President’s Council of Economic Advisors (1990). 





required for obtaining leases, construct- 
ing the site, transporting smolts, and 
marketing. Several additional permits 
were under consideration (Bettencourt 
and Anderson, 1990). Based on indus- 
try opinions, with the notable excep- 
tion of the Maine Department of Ma- 
rine Resources (DMR), the agency 
responsible for granting aquaculture 
permits in the state, most agencies and 
regulatory bodies did not seem to have 
a clear understanding of how to regu- 
late or grant permits to aquaculture op- 
erations. This often resulted in unnec- 
essary delays and regulatory overlaps. 
The process is gradually becoming 
more streamlined, especially in Maine, 
where plans are being developed to 
standardize the permit application pro- 
cess under the leadership of the DMR 
(Plante, 1990a), but there is still a long 
way to go. The U.S. Army Corps of 
Engineers (COE), in particular, which 
requires a permit for aquaculture sites 
under the Rivers and Harbors Act of 
1899, has been severely criticized by 
the farmers for bureaucratic delays in 
granting the permits (an average of 2 
years, according to the producers). An- 
other source of concern for farmers in 
1989 was a possible requirement by 
the Environmental Protection Agency 
(EPA) that the pen site operations 
qualify for a pollution discharge elimi- 
nation permit, under the National Pol- 
lutant Discharge Elimination System 
(NPDES) enacted by the Clean Water 
Act of 1972. Both the COE and the 
EPA have been accused of failing to 
conduct adequate research on the po- 
tential costs of the regulatory require- 
ments to the industry, and of failing to 
set environmental monitoring guide- 
lines for use in ocean systems. As a 
consequence, producers in Maine esti- 
mate that the cost of obtaining a lease 
site, acquiring the appropriate permits, 
and paying for consulting and legal fees 
alone, could easily exceed $100,000 
under current regulations (Bettencourt 
and Anderson, 1990) before normal op- 
erational start up costs are incurred. 
Regulatory constraints are also a ma- 
jor problem curbing the development 
of the west coast industry. In Washing- 
ton, in addition to an operation plan 
and a site characterization survey sub- 
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mitted to the Department of Natural 
Resources, a firm may be required to 
perform a full environmental impact 
statement (EIS) that may last up to | 
year (TCEDC, 1987). In addition, once 
the major state, Federal, and county 
permits are secured, applicants may be 
required to conduct a benthic baseline 
survey'*, and an annual environmental 
survey’ (SAIC, 1986; TCEDC, 1987). 
As of 1987, the norma! regulatory costs 
incurred by new entrants ranged be- 
tween $50,000 and $125,000, with no 
guarantees of success and before any 
pens could be placed in the water. For 
all practical purposes, these initial costs, 
which can be as high as 50 percent of 
the total start-up costs of a small op- 
eration, have contributed to preventing 
small operators from entering the in- 
dustry (TCEDC, 1987). The resulting 
problems facing salmon growers are not 
unlike those which faced, and still re- 
tard, coastal aquaculture in California 
as is thoroughly discussed in Bowden 
(1981). More recently, a broad discus- 
sion of regulatory limitation can be 
found in NRC (1992). 


"Required for operations with production levels 
exceeding 100,000 pounds/year. 

'5A diving survey is required for operations with 
production levels exceeding 20,000 pounds/year. 
For operations exceeding 100,000 pounds/year, 
full water quality sampling and hydrographic sur- 
veys, in addition to the benthic baseline survey, 
are required. 


Another constraint for U.S. salmon 
culture relates to production costs, and 
in particular feed costs. Approximately 
60% of a typical salmon feed is com- 
posed of fishmeal (Jackson, 1988), 
which has prices that are extremely 
volatile as they depend largely on the 
unpredictable yearly catches of herring 
(Fig. 7) and the price of substitute prod- 
ucts such as soybean meal. In Maine, 
feed accounts for 30-50% of all op- 
erational costs of a salmon farm 
(Bettencourt and Anderson, 1990; Fig. 
8). This introduces an important ele- 
ment of uncertainty on cost prediction 
for salmon farmers. 

Cost uncertainty is further intensi- 
fied by the occurrence of unpredictable 
environmental conditions and disease. 
Several environmental factors can play 
a significant role in production success. 
Toxic algal blooms, for example, have 
reportedly caused problems for some 
western U.S. salmon operations. To 
date, no problems of this type have 
been reported in Maine. Most of 
Maine’s inshore waters, however, are 
susceptible to the occurrence of 
superchilled waters, which can cause 
severe mortality in the pens. This risk 
factor is a major reason explaining the 
concentration of the east coast salmon 
industry in the Cobscook Bay area of 
Maine which, with its strong currents 
(3 knots) and high tides (14-15 feet), 
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Figure 7.—Fish meal cash prices (Atlanta), 1974—90. 
Source: Feedstuffs (1974-91). 
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Figure 8.—Salmonid pen culture in northeast- 
ern United States: Operational costs as reported 
by grow-out operators, summer 1989. Source: 
Bettencourt and Anderson (1990). 


is favored with an excellent water flow 
and vertical mixing of water layers that 
protect it from superficial chilling dur- 
ing the winter (Sylvia, 1989). Other en- 
vironmental factors which can affect 
the aquaculture operations are storms 
and severe weather conditions, as well 
as extreme tides, which can hinder ac- 
cess to the sites and induce stress in 
the fish. Additionally, sea birds and ma- 
rine mammals (principally seals) can 
kill or injure fish despite the widespread 
use of predator nets. 

Diseases such as vibriosis (Vibrio 
spp.) and furunculosis have been re- 
ported on both the east (Bettencourt and 
Anderson, 1990) and the west coasts 
(Weston, 1986). Outbreaks of these dis- 
eases are relatively common, but oth- 
ers, such as the reported occurrence of 
a virus resembling viral hemorrhagic 
septicemia (VHS) on eggs and adults 
from government growing facilities on 
the west coast'*, and the occurrence of 
infectious hematopoietic necrosis on 
trout (Weston, 1986), can lead to high 
mortalities. In addition to disease, birds, 
seals, otters, and other animals can have 
serious impacts on mortality levels. 

The uncertain nature of the market 
and of the regulatory environment, and 
the unpredictable nature of operating 
costs, has contributed to financing be- 
coming a serious problem for the U.S. 
salmon culture industry. Since most of 


'SWSDF. 1989. Draft news release on new virus 
isolation. Wash. State Dep. Fish., Draft Rep., 
Olympia. 
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the U.S. industry began producing 
salmon in significant quantities only 
since 1989, thus starting harvest at a 
time when prices were declining and 
supply was abundant, banks and ven- 
ture capitalists became extremely cau- 
tious of investing in the industry. One 
of the most striking examples was the 
withdrawal of investor support for the 
largest Atlantic salmon farm in North 
America, Ocean Products, Inc. of 
Eastport, Maine, which resulted in the 
sale of the company to a Canadian com- 
pany, Connors Brothers, in September 
1990 (Plante, 1990b). Additionally, sev- 
eral farms have had difficulty in ac- 
quiring loans to meet their operational 
expeiises. 

Given the state of the U.S. economy 
and the current conservative nature of 
banking policy, it is not likely that this 
problem will be resolved in the near 
future. An additional factor that con- 
tributes to the uncertain financial cli- 
mate is the long life cycle of salmon; 
in particular for firms that are verti- 
cally integrated and operate their own 
hatchery as well as grow-out sites, pro- 
duction strategies have to be formu- 
lated 3 years before the projected har- 
vest'’. This poses an extreme financial 
burden on most investors concerned 
with the volatility of the marketing con- 
ditions within the 3-year horizon. 


‘Including an average of 1.5 years for the egg- 
smolt phase (hatchery stage) and another 1.5 
years for the smolt-adult phase (grow-out stage). 


The final issue regarding the recent 
development of salmon culture relates 
to foreign ownership and consolidation 
within the industry. The lack of 
financing from U.S. sources has con- 
tributed to significant foreign invest- 
ment in the U.S. aquaculture industry 
(primarily Canadian and Norwegian). 
The dominant operations in Washing- 
ton and Maine are at least partially 
owned by Canadian and Norwegian in- 
terests, and the salmon operation in Ha- 
waii is owned primarily by Japanese 
investors. In Maine, the degree of for- 
eign ownership has intensified as 
financial constraints and regulatory dif- 
ficulties have begun taking their toll. 
Thus, several small local operations that 
were able to secure permits for their 
sites at a time when the regulatory cli- 
mate was more favorable (i.e., prior to 
1988-89), have entered into aquacul- 
ture agreements with large new firms 
owned partially or entirely by foreign 
interests, which, in turn, avoid the 
high costs of securing new leases 
(Bettencourt and Anderson, 1990). The 
unfavorable financial and political cli- 
mate facing the industry has thus con- 
tributed to its consolidation and verti- 
cal integration, as well as to an 
increasing dependence on foreign capi- 
tal. While the precise degree of for- 
eign ownership is uncertain, controver- 
sies are likely to arise regarding foreign 
investment in salmon culture operations 
which requires access to common prop- 
erty resources. 


Options for the 
Industry and Government 


Several options are available to im- 
prove the climate for the U.S. salmon 
industry. First and foremost, regulatory 
and permitting procedures (including 
related costs) need to be, at the mini- 
mum, streamlined and standardized, so 
prospective farmers can adequately 
judge whether or not to attempt to en- 
ter the industry. In Maine, for example, 
some of the information regarding sit- 
ing required by the Corps of Engineers 
for its permits overlaps with informa- 
tion that needs to be provided by farm- 
ers for the state aquaculture permits 
which are generally obtained earlier. A 
standardization of the permitting re- 
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quirements is warranted, perhaps un- 
der the control of a leading regulatory 
agency as suggested for the region 
(MSPO, 1990). This may considerably 
lower the costs resulting from misin- 
formation and delays. A reduction in 
the permitting and regulatory costs 
could also encourage the emergence of 
small local operations in economically 
depressed areas such as northeastern 
Maine. 

In contrast to aquaculture policies 
and regulation, U.S. trade law was used 
by the industry to insulate itself some- 
what from foreign competition. The 
price decline in 1989 precipitated the 
formation of the Coalition for Fair At- 
lantic Salmon Trade which alleged that 
Norwegian salmon production was be- 
ing unfairly subsidized and that Nor- 
wegian traders had been dumping At- 
lantic salmon in the U.S. market, 
reportedly selling below cost. The U.S. 
International Trade Commission 
(USITC) in June 1990 ruled that Nor- 
wegian producers received counter- 
vailable subsidies at a rate of 2.27% 
and, in October 1990, determined that 
Norwegian companies were dumping 
salmon, selling at between 15.65 and 
31.81% below cost. The ITC also de- 
termined in February 1991 that the U.S. 
industry had been damaged by the Nor- 
wegian production subsidies, and im- 
posed tariffs proportional to the esti- 
mated dumping margins on fresh, 
whole Atlantic salmon from Norway 
(USITC, 1991). The threat and even- 
tual imposition of these duties contrib- 
uted to the rapid withdrawal of Nor- 
wegian salmon from the U.S. market. 
However, Norway’s position was rap- 
idly filled by Canada, Chile, and oth- 
ers (Fig. 5). This type of legal action is 
expensive and not particularly efficient. 

Besides improving the regulatory 
constraints, there is also a need to re- 
duce production uncertainty. This can 
be achieved through better disease con- 
trol, improved farm management, im- 
proved feeds, and selective breeding of 
fish which are disease resistant, fast 
growing, or possess attributes which are 
appealing to the market. Research is 
currently underway tc develop tech- 
niques that allow for better control of 
the production cycle, especially the tim- 


32 


ing of stocking of smolts (typically 
done in the spring) and their size at 
stocking time, to enable farmers to ex- 
tend the harvesting season beyond the 
traditional winter harvest (Bettencourt 
and Anderson, 1990). These experi- 
ments, if successful, will enable farmed 
salmon supplies to respond more 
readily to marketing needs in terms of 
both quantity and size of fish at har- 
vest. Capital costs need to be reduced 
as well by developing systems which 
are fundamentally inexpensive, 
uncomplicated, and durable. 

Marketing strategies and techniques 
also need refinement and improvement. 
Competition is strong among U.S. 
farms, between U.S. farms and other 
producers of farmed salmon outside the 
country, and with some components of 
the wild fishery. Some of this competi- 
tion is not in the best interest of the 
industry, as it hinders information flow 
on such aspects as production tech- 
niques as well as marketing. Develop- 
ment of a more efficient product flow 
from the production to market stages 
needs to be established, including in- 
novative new product development. 
Many value added and partially pro- 
cessed salmon products are currently 
moving into the market, and one should 
expect to see in the near future an ex- 
pansion in the supply of products such 
as salmon steaks, fillets, salmon me- 
dallions, roasts and patés, and other 
products prepared with different sauces 
and herbs, as well as a variety of 
smoked salmon preparations. An ex- 
pansion in salmon gift packs is also 
expected (Marris, 1991; Friedman, 
1991). 

Norwegian exports to the United 
States are also widely expected to di- 
versify into value-added products 
which are not subjected to the tariffs 
imposed on fresh, whole Norwegian 
salmon as previously discussed. Despite 
these recent developments, however, 
that market development has lagged 
behind growth in production. Both ge- 
neric marketing programs and firm- 
level promotion need more attention. 
This variety of value-added products 
ranging from simple fillets to smoked 
products and a variety of mid-range, 
convenience-oriented salmon meals 


implies a need for improvement in 
packaging and shipping technologies 
for cultured fish products. 

Another critical area which needs 
improvement is waste disposal technol- 
ogy, including, in particular, the dis- 
posal of dead fish as well as the man- 
agement of effluents from both hatchery 
and ocean sites. Reduction of mortal- 
ity and effluent control could be 
achieved through improved nutrition, 
better management practices, better site 
selection, and through new technolo- 
gies to process wastes and dead fish. 
As technology for waste disposal and 
effluent contro! is refined and im- 
proved, regulatory barriers may also 
diminish. 

Another aspect to improving the cur- 
rent status of the U.S. salmon culture 
industry involves better information 
flow between researchers at public and 
private institutions and producers, in- 
vestors, regulators, and industry sup- 
porting agencies. At this stage, most 
farmers feel that they do not have ad- 
equate access to information on aspects 
such as disease control, management 
practices, prices, costs, potential profit- 
ability, and marketing. This informa- 
tion is also frequently not available to 
regulatory agencies. In Maine, farmers 
often expressed the need for a research 
and development institute capable of 
meeting some of the information needs, 
such as the Salmonid Demonstration 
and Development Farm located in New 
Brunswick, Canada. Continued and im- 
proved communication and collabora- 
tion between producers and agencies 
such as the USDA-supported Regional 
Aquaculture Centers is also needed. 

Greater attention should be focused 
on market research and development. 
The serious problems that confronted 
the industry in recent years were largely 
a consequence of poor planning, with 
production strategies being decided at 
a time when prices were still high 
(1987). With smolts already in the wa- 
ter, farmers could not avert a large har- 
vest in 1989, when prices declined. This 
miscalculation could perhaps have been 
avoided had adequate marketing fore- 
casts reached the producers. Hopefully, 
as the relatively new “Aquaculture Situ- 
ation and Outlook Report,” produced 
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by the Economic Research Series of 
the USDA, improves and broadens its 
information base, this will help indus- 
try participants develop better plans. 

In conclusion, worldwide salmon 
culture is certainly here for the fore- 
seeable future. United States salmon 
farming, however, is still in its infancy 
and faces several obstacles that can 
only be overcome by a closer coopera- 
tion between farmers and governmen- 
tal agencies. The industry’s close geo- 
graphical proximity with the United 
States market is a potential advantage 
that is yet to be fully explored. If the 
regulatory constraints are lifted and the 
information flow is improved, the in- 
dustry should be expected to overcome 
some of its present problems and be- 
come a significant contributor to the U.S. 
supply of fresh salmon. In addition, it 
could become a building block for other 
marine finfish aquaculture as it has glo- 
bally, where salmon aquaculturists are 
diversifying into cod, turbot, sea bream, 
halibut, and other species. 
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Shortraker Rockfish, Sebastes borealis, 
Observed from a Manned Submersible 


Background 


The shortraker rockfish, Sebastes bo- 
realis, is an offshore, demersal species 
distributed from the southeastern 
Kamchatka Peninsula, U.S.S.R., to Ft. 
Bragg, Calif. (Kramer and O’Connell, 
1986). It attains lengths >100 cm (>39 
inches) and weights to 20 kg (44 
pounds). In the Gulf of Alaska, 
shortraker rockfish are sampled annu- 
ally during longline surveys and are 
most abundant between depths of 300 
and 400 m (984 and 1,312 feet). 


‘Domestic longline data base, Resource Assess- 
ment Conservation and Engineering Division, 
Alaska Fisheries Science Center, National Ma- 
rine Fisheries Service, NOAA, Seattle, Wash. 


Kenneth Krieger is with the Auke Bay Labora- 
tory, Alaska Fisheries Science Center, National 
Marine Fisheries Service, NOAA, 11305 Gla- 
cier Highway, Juneau, AK 99801-8626. 





ABSTRACT—These are the first docu- 
mented observations of shortraker rockfish, 
Sebastes borealis, in their natural habitat. 
The in situ observations were made from a 
manned submersible in 1991 in the eastern 
Gulf of Alaska. Eleven dives were completed 
from 207 to 357 m (679-1,171 feet); 
shortraker rockfish were observed during 
four dives. Their apparent indifference to 
the submersible allowed observations of 
their spatial distribution and habitat. The 
shortraker rockfish observed (20 total) were 
not schooled and were at least 50 m (164 
feet) apart. Nineteen were on the bottom, 
and one was 0.5 m (20 inches) above the 
bottom. They were using 3-12° sloping ter- 
rain composed of either silt or pebbles in- 
terspersed with boulders (diameter 0.5—4.0 
m (1.6—13 feet)); six were next to boulders. 


KENNETH KRIEGER 


Commercial harvesting of shortraker 
rockfish in the Gulf of Alaska began in 
the early 1960’s when foreign trawl 
fleets were targeting more abundant 
Sebastes spp. In recent years, high catch 
rates of shortraker rockfish indicate that 
the domestic trawl fleet targets this spe- 
cies; shortraker rockfish comprised 
14.9% of the species composition of 
slope rockfish harvested in 1990, al- 
though trawl survey data indicates they 
comprised only 2.5% of the biomass 
(Heifetz and Clausen, 1991). 

In 1991, catch limits were estab- 
lished for shortraker rockfish to pre- 
vent overharvesting of this species in 
the Gulf of Alaska. Catch limits are 
based on biomass estimates derived 
from bottom trawl catch rates. These 
biomass estimates are questionable, 
however, because the catch efficiency 
of bottom trawls on shortrakers is un- 
known. Fishermen report that 
shortrakers school off-bottom and 
above rugged habitat in steep-slope ar- 
eas where bottom trawls cannot sample 
effectively. 

The two-man submersible Delta was 
chartered by the National Oceanic and 
Atmospheric Administration, National 
Undersea Research Center, for rockfish 
behavior studies in the eastern Gulf of 
Alaska in June 1991. One objective was 
to determine whether shortraker rock- 
fist could be observed from the sub- 
mersible and, if so, to obtain informa- 
tion on their spatial distribution and 
habitat. 


Methods 


Submersible dives were made at 
eleven sites on the outer continental 


shelf in the eastern Gulf of Alaska be- 
tween lat. 55°N and 60°N (Fig. 1). 
Dives were made during daylight hours 
at depths from 207 to 357 m (679- 
1,171 feet). At each dive site, the sub- 
mersible followed four parallel 
transects for 15 minutes each; each 15- 
minute transect was separated by 5 
minuies of travel perpendicular to the 
transects. The average speed was 
3 km/h (1.6 knots), resulting in approxi- 
mately 3 km (1.6 nautical miles) sur- 
veyed at each site. Halogen lights on 
the submersible provided illumination; 
visibility was 4-7 m (13-23 feet), de- 
pending on the amount of zooplankton 
and suspended silt. 

The pilot maintained the submers- 
ible within 0.5 m (1.6 feet) of the bot- 
tom while a scientist observed through 
a starboard porthole. Observations in- 
cluded rockfish species identification, 
number, size, grouping behavior, posi- 
tion relative to the sea bottom, habitat 
affiliations, and response to the sub- 
mersible. Observations were audio and 
video recorded for subsequent analy- 
sis. Species identification and fish sizes 
were verified from bottom trawl 
samples collected at seven sites.” 


Results 


Response to Submersible 


Twenty large shortraker rockfish, es- 
timated at 7-20 kg (15-45 pounds) 


°R. E. Haight. Cruise results, NOAA RV John 
N. Cobb. Cruise no. JC 91-07, Distribution of 
Pacific ocean perch, eastern Gulf of Alaska. On 
file at Auke Bay Laboratory, AFSC, NMFS, 
NOAA, Juneau, Alaska. 
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ible as they were pushed along the 
bottom. 


Habitat 


Shortrakers were observed at 4 of 
the 11 dive sites (Table 1). These ob- 
servations were supported by trawl 
catches; seven sites were sampled with 
bottom trawls?, and shortraker rockfish 
were captured only at the sites where 
they were observed from the submers- 
ible (Table 1). Substrate differences 
were observed between sites with and 
without shortraker rockfish. Boulders 
0.54.0 m (1.6—13 feet) in diameter 
were common at all four shortraker 
sites, whereas boulders were scarce at 
six sites where shortraker rockfish were 
not observed (Table 1). The bottom to- 
pography sloped 3—12° at the ihree sites 
containing 19 shortraker rockfish, 
whereas the slope was nearly flat (<2°) 
at 6 sites where no shortraker rockfish 
were observed (Table 1). 

The specific habitats used by 
shortraker rockfish were similar. Nine- 
teen shortraker rockfish were in con- 
tact with fine-grained substrates of silt 


or pebbles, and one was approximately 
0.5 m (20 inches) above cobble <0.2 
m (8 inches) in diameter (Fig. 2A). Six 
® Dive Sites ce shortraker rockfish on the bottom were 
each next to a boulder 0.5—1.5 m (1.6— 
5 feet) in diameter (Fig. 2B). 
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Figure 1.—Submersible survey sites for shortraker rockfish in the eastern Gulf 
of Alaska in June 1991. 








each. were observed from the submers- Table 1.—Occurrence of shortraker rockfish and sea-floor habitat at 11 dive sites in the eastern Gulf of 
P : : f Alaska in June 1991. 





ible. These are the first known pub- 
lished observations of shortraker rock- Cape eacteetooce pesdnonniancnens 
fish in their natural habitat. These fish Meters Feet Observed' Sampled? Slope Substrate Boulders 
remained motionless when the sub- 323-316 _1,060-1.037 
mersible passed by them. After obser- 282-276 925- 906 
- ° ‘ 357-351 1,171-1,152 
vations on rockfish distribution and 316-280  1037- 919 
habitat were completed, the submers- pa =. bi 
ible approached six shortraker rockfish 295-286 968- 938 
os 294-291 965- 955 
for close-up video; only one reacted— po 
by moving | m (3.3 feet) from the sub- 251-250 823- 820 
mersible. The submersible drifted 
against two shortraker rockfish; they ‘Observed in situ from the submersible 
remained in contact with the submers- 2Caught by bottom trawl. Data are from R. E. Haight (text footnote 2). 
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Figure 2.—A shortraker rockfish on silt (A) and on pebble next to 


a | m diameter boulder (B). 


Spatial Distribution 


The maximum number of shortraker 
rockfish observed at any dive site was 
eight (Table 1). No schooling was ob- 
served, and individual fish were sepa- 
rated by at least 50 m (164 feet). Cur- 
rents ranged from 0.1-0.4 km/h 
(0.05—0.2 knots), and ten shortraker 
rockfish were oriented broadside to the 


current and tilted 5—20° with the cur- 
rent (Fig. 3). 


Discussion 


Shortraker rockfish were an ideal spe- 
cies to observe in situ because they were 
motionless, solitary, and not obstructed 
by habitat. Their passive behavior is 
similar to the behavior of other large 


Sebastes spp. observed from the sub- 
mersible, such as yelloweye rockfish, 
Sebastes ruberrimus, and rougheye rock- 
fish, Sebastes aleutianus. These large 
rockfishes have few predators, and their 
passive behavior may indicate a lack of 
concern for predators. 

The behavior and habitat preference 
of shortraker rockfish may be related 
to the size of the fish. Commercial 
fishermen report shortraker rockfish 
schools above rugged, steep-slope habi- 
tat; most of these fish are reported to 
weigh <5 kg (11 pounds). In this study, 
large shortraker rockfish (>7 kg (>15 
pounds)) were observed as solitary in- 
dividuals on or near the bottom and 
among moderately sloped, smooth 
habitat. Small shortrakers were not 
present, as verified by the trawl catches. 

Based on the 1987 resource survey 
by the NMFS Alaska Fisheries Science 
Center in the Gulf of Alaska, most 
(85%) of the shortraker biomass oc- 
curs at depths of 301-500 m (988- 
1,640 feet) (Clausen and Heifetz, 
1989). This study sampled only the 
shallower portion of their depth range. 
It is not known, therefore, whether dis- 
tribution of large shortrakers on shal- 
low, trawlable bottom is typical of this 
species throughout its depth range. 

Another unknown is whether the dis- 
tribution of large shortrakers seen in 
this study is typical of their distribu- 
tion throughout the year. Possibly they 
school during other seasons in response 
to spawning, feeding, light, or other 
conditions. Further research is planned 
with a submersible to study these 
questions and to determine whether 
shortraker rockfish use untrawlable 
substrate. 
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